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Synopsis:
A microwave nitriding process for the production of silicon 
nitride bonded silicon carbide (SNBSC) refractory has been developed. The 
process has been initially optimised to produce fully reacted material of 
SNBSC refractory from “as received” silicon and silicon carbide powders. 
The nitridation of these powders produced fully reacted material with a high 
alpha (a) to beta (p) ratio (a/p ratio) of silicon nitride bond in a short period 
of nitriding time. The green compacts of these powders exhibited low green 
density and high open porosity and produced a material with low final 
density, high open porosity and moderate strength compared to 
commercially available refractory.
The green density of the material was raised through the mixing of 
powders with different particle sizes. The full nitriding of this material 
required longer nitriding time and produced a SNBSC refractory with 
improved final density, reduced open porosity and increased cold modulus 
of rupture (MOR).
The microwave nitriding process of commercial powders was 
achieved in comparably short nitriding times. The materials produced using 
the optimum microwave nitriding process showed physical and mechanical 
properties comparable to conventionally processed materials. The cold 
MOR of the material with improved green density (2.46 g/cm3) was higher 
than the cold MOR values of conventionally processed materials reported 
in the literature.
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1.0 Introduction
Microwave processing of ceramic materials has been recognised as a 
technique that offers the possibility of producing unique ceramic microstructures 
and properties not obtainable with conventional processing.1 Several technical 
and economic advantages of microwave processing of ceramic materials have 
been realised. The most important of these advantages are the rapid and 
uniform heating of ceramics, improved physical and mechanical properties and 
enhanced energy efficiency.2
The main difference between the conventional and microwave heating 
techniques is the way in which heat is generated.3 In the microwave process, 
heat is generated within the material instead of being transferred from external 
sources.4 As a consequence, ceramic materials are heated internally and 
volumetrically due to their interactions with microwaves. The degree of 
interaction depends on the material’s dielectric properties.5 Many ceramic 
materials are transparent to microwaves at low temperatures and a more 
receptive material is used to conduct heat to the ceramic up to the temperature 
where the ceramic itself can efficiently couple with the microwaves.6
Sintering of ceramic materials is one of several microwave energy 
applications that have attracted much research. The sintering of ceramic 
materials and composites such as alumina, alumina titanium carbide, alumina 
silicon carbide, yttria and zirconia has been demonstrated.7'11 Previous studies 
have also successfully microwave processed silicon nitride ceramics.11222 
Microwave sintering of silicon nitride powders with sintering aids112 and
1
microwave reaction bonding of silicon powders15,1623 have been achieved with 
claims made of an increase in the green density that can be fully nitrided, and 
the ability to control the reaction rate. Also, it has been proposed that with 
microwave energy, the nitridation of silicon occurs at a faster rate and initiates at 
lower temperatures with a corresponding reduction in the component fabrication 
time.23
Silicon nitride-bonded silicon carbide is manufactured by the reaction 
bonding technique. Preformed shapes of silicon powder and silicon carbide 
aggregates are nitrided in a nitrogen atmosphere at a temperature below 1450 
°C.24,25 Silicon in the compacts reacts with nitrogen forming a silicon nitride bond. 
In the conventional process, a complete reaction of silicon with nitrogen to form 
silicon nitride is difficult to achieve below the melting temperature of silicon (1420 
°C) and a two stage process is a common practice.26 A typical nitridation process 
might take 70 hours at 1350 °C and 10-24 hours at 1450 °C.27
The present work examined the influence of microwave energy on the 
reaction bonding process. The processing time, microstructure and properties of 
the microwave-processed silicon nitride bonded silicon carbide material were 
investigated. The nitriding process was optimised to produce fully nitrided 
material with improved mechanical properties in short nitriding time. Also, the 
effects of the change in the amount of silicon nitride bond on the material’s 
properties were determined.
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2.0 Refractory materials
2.1 Introduction
Refractories are materials of construction that can withstand high 
temperatures and retain their physical properties in a furnace environment when 
they are in contact with liquid metals, gases and corrosive slags. The refractory 
requirements for different heating operations vary widely, and there exists a 
correspondingly wide range of refractory materials and products to satisfy these 
various requirements.
The refractories family incorporates a limited number of elements. They 
include silicon (Si), aluminium (Al), magnesium (Mg), chromium (Cr), calcium 
(Ca), carbon (C) and zirconium (Zr). With the exception of carbon which can be 
used in elemental form, the oxides of these elements provide the major 
refractories. Carbides, nitrides and borides are considered as special 
applications refractories.28
Refractory applications cover a wide range of processes such as copper 
and aluminium smelting, glass and ceramic manufacture and cement and ore 
processing. However, iron and steelmaking account for the biggest part of all 
refractories used.29
Most of the refractories used in industry consist of metal oxides or of 
carbon (graphite) or silicon carbide (SiC). The useful refractory oxides are silica 
(Si02), alumina (Al20 3), magnesia (MgO) and zirconia (Zr02) or combinations of 
oxides such as calcium oxide (CaO) with MgO to form dolomites and chromium 
oxide (Cr20 3) with MgO to form spinel.30 The S i02 or Z r02 containing refractories 
are classified as acid refractories; whereas those with MgO or CaO form the 
base refractories group. Refractories with Al20 3 or Cr20 3 are neutral refractories.
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2.2 Refractory Types and Raw Materials
2.2.1 Silica Refractories31
The main raw material for silica refractories is the mineral ganister, a pure 
form of quartzite. Ganister with S i02 content of 98% or more is the most suitable 
grade for refractory applications. When silica refractories are used at high 
temperature, the quartzite crystal structure is converted to cristobalite and 
tridymite by firing at 1420 °C. Most silica refractories are manufactured in bricks 
and shapes. Silica brick is bonded by adding 3-3.5 % CaO, which forms a 
bonding glass on firing. This type of brick has a very high coefficient of thermal 
expansion between room temperature (RT) and 500 °C. Silica brick has high 
load bearing ability at elevated temperatures. Silica bricks are divided into two 
types: regular and superduty refractories. Superduty bricks have lower content of 
impurities such as Al20 3, T i02 and alkalis and therefore are used at higher 
operating temperatures.
Siliceous insulating bricks are another type of silica refractories. Because 
of their light weight and high porosity, they are useful for insulating functions. 
The main raw materials for siliceous refractories are diatomite and perlite 
minerals. Diatomite contains about 85% S i02 compared to 70 - 75% S i02 for 
perlite. This type of brick has excellent load bearing ability up to 1300° C but its 
thermal expansion coefficient is high from room temperature to 500 °C.
2.2.2 Fireclay Refractories
The bulk of refractory clay is referred to as fireclay. Fireclays typically 
have an AI20 3-content of 25% to 45%. Their refractoriness increases with 
increasing Al20 3 and decreasing amount of impurities such as alkalis and iron 
oxide. Most fireclays consist of the mineral kaolinite (AI20 3.Si02.2H20) with minor 
amounts of other clay minerals such as iron oxide, titania and alkalis.
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2.2.3 High-Alumina Refractories
The AI20 3-content of this refractory group falls in the range of 45% to 
100%. The raw materials for high-alumina refractories are bauxite minerals and 
sillimanite minerals. The main bauxite minerals are gibbsite AI(OH)3 and 
diaspore HAI02. The sillimanite minerals include sillimanite, kyanite and 
andalusite and are of the general composition AI20 3.Si02. High-alumina 
refractories are generally made by combining clays with bauxite and/or synthetic 
alumina.
2.2.4 Dolomite Refractories
A highly calcined mineral of composition CaC03;MgC03 is used for 
making dolomite refractories. Dolomite hydrates rapidly when exposed to 
humidity because of its free lime content. Dolomite used for refractories is fired 
at high temperature or calcined with additions of iron oxide.32 Unfired refractories 
made with dolomite grains are usually tar- or pitch-bonded, and fired dolomite 
refractories are further often impregnated with tar or pitch to extend their service 
life.
2.2.5 Magnesia Refractories
The main constituent of magnesia refractories is the mineral periclase 
(MgO). The different types of magnesia refractories include chemically bonded, 
pitch-bonded, fired and pitch-impregnated refractories.
2.2.6 Chrome Refractories
Chrome ore is used in making this type of refractory. Calcined magnesia 
is often added to chrome refractories to develop special properties and the 
mixture is referred to as chrome-magnesia refractory.
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2.2.7Zircon Refractories
The mineral zircon (Zr02.Si02) is the most commonly used refractory in 
the zirconia-containing group. It is sometimes combined with high-alumina 
materials and fired in a conventional manner or by fusion and casting from the 
melt. When synthetic high-purity zirconia is used in making refractories these 
refractories must be stabilised with small quantities of lime, magnesia or yttria.
2.2.8 Silicon Carbide Refractories
Refractory grade a-SiC is manufactured in electrical resistance furnaces 
at 2400 °C from mixtures of S i02, carbon, salt and sawdust (“Acheson” process). 
Silicon carbide grains are not sinterable at atmospheric pressure conditions and 
for a refractory application a bonding system is required. Different types of bonds 
are used with silicon carbide refractories. They include silicon nitride (Si3N4), (3- 
SiC, oxide (clay and alumino-silicate glass) and silicon oxynitride (Si2ON2).33
2.3 Properties of Refractory Materials
2.3.1 Mechanical Properties
The mechanical properties of refractories have a significant role in the 
construction of metallurgical vessel linings and refractory structures for non­
metallurgical applications.34 The important mechanical properties for refractory 
materials include fracture stress, fracture toughness, elastic moduli and crack 
growth resistance (R).
Strength of Refractories
Strength testing of refractories is used to determine the critical stress level 
that can cause failure for a specific geometry of test specimens. Two types of 
specimens are commonly used for strength tests, the square bar and the circular
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cylinder. The failure of a rectangular bar in bending is referred to as the modulus 
of rupture test (MOR) or the flexure test (three-point or four-point bending test).35
The fracture stress (a) for the three-point bend test is given by: 
of = 3PL /2b tf (1)
and the fracture stress (af) for the four-point bend test is given by:
<jf = 3PL/4bcf (2)
where, P is the applied load, L is the outer test span, b is the specimen width 
and h is the height. This test can be applied at room temperature and at elevated 
temperatures for refractories.
For the determination of a compressive strength for a refractory, the 
compression crushing test along the cylinder axis of circular cylinders core- 
drilled from the refractory is used. The fracture compressive strength is given by:
of = 4Pf/K<f (3)
where, d is the cylinder diameter. The compression strength significantly 
exceeds that measured in flexural bending by the MOR test. When the cylinders 
are loaded in diameteral compression instead of axial compression, the test is 
known as the Brazil test. It gives the tensile strength of the refractory. The 
fracture stress for Brazil test is given by:
af = 4Pf/ndL (4)
where, L is the cylinder length.
The strength of refractories is influenced by the loading, or the stressing 
rate and temperature. The faster the test is performed, the higher is the
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measured failure stress level. The different refractory classes show different 
strength levels and strength maxima, when they are tested at different 
temperatures and at constant loading rate. Dolomite has the lowest maxima 
between 400°C and 800 °C. Alumino-silicates have their maxima between 800 °C 
and 1200 °C, while magnesia and magnesia-chrome refractories generally 
exhibit their maxima above 1200 °C. The maxima of SiC-refractories depends on 
the type of bond employed.
Fracture and Crack Growth
The resistance of a material to crack initiation is usually expressed in 
terms of the plane-strain fracture toughness36 KIC. The quantity KIC is measured 
by using notched bend test specimens or specimens containing artificially 
introduced sharp-fronted cracks which are then broken similarly to MOR test.
KIC is calculated from:
KIC = (3PLC1/2/2bh2)f(c/h) (5)
where, C is the flaw size and f(c/h) has been tabulated by Srawley and Brown.37 
The relation between strengths and fracture toughnesses of refractories is given 
by:
<Jf = KlcYC-1/2 (6)
where, Y \s a geometrical constant.
Because refractories in general do not possess high tensile strengths, 
their fracture toughnesses are not very high either. A range of 0.2 to 5 MPa.m12 
will cover most refractories.38 As a result of refractories low toughnesses, they 
are not very resistant to crack initiation.
The growth of cracks in refractories is of two catagories, the gradual 
microextension or the slow crack growth during loading and macroscopic growth 
during failure or fatigue. Refractories have much higher resistance to the growth
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of large cracks than small cracks.39 Large cracks experience a much stronger 
interaction with the dense aggregate grains of the refractory bodies, which 
improves the structure’s resistance to the crack growth. The macroscopic crack 
growth in refractories is measured by introducing a certain shape crack and 
monitoring the single crack propagation through the entire specimen.40
The work-to-failure energy for refractories is obtained from the load­
displacement diagram of the MOR test specimen with an artificially introduced 
notch. Dividing the area under the curve by the projected fracture surface area 
gives the work-of-fracture energy. In general, work-of-fracture of refractories 
varies from about 10 J/m2 to more than 150 J/m2. High work-of-fracture 
refractories usually have high thermal shock resistance. Optimal grain sizing also 
results in stronger and thermal shock damage resistant refractories.38 Some 
common low work-of-fracture refractories are high-fired superduty fireclays. 
Normal fireclays, aluminas and castables may vary from 50 J/m2 to 100 J/m2. 
Magnesia and magnesia-chrome usually exceed 100 J/m2. Dolomites have low 
values, only about 50 J/m2.
The increasing crack growth resistance, R, with increasing crack length, 
Aa, can be explained in a similar manner as that for crack initiation. The 
formation of two new surfaces of crack extension requires the utilisation of 
fracture surface energy (2y), which is R, and is equal to the energy of crack 
extension.38
K 2IC = 2 E% = ER (7)
Figure (1) illustrates a crack growth resistance curve for refractories against that 
of a glass.
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Figure 1. R-curve for refractories compared with a glass38
Elastic Properties
The important moduli of elasticity for refractories are Young’s modulus, 
(£), shear modulus (G) and Poisson’s ratio (v). They are related through linear 
elasticity by the following equation:
G = E/2(1 + v) (8)
E can be determined from the slope of a plot of applied load versus deflection in 
flexure or compression test and the specimen dimensions. This technique is 
limited by the contributions of irreversible, non-elastic processes which 
contribute to the deflection such as slow crack growth and creep when the test is 
applied at elevated temperatures.38 The two more accurate techniques include 
the velocity of sound and the resonance frequency methods. The sound velocity 
in a refractory is related to Young’s modulus through:
E = p V 2 (9)
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where, p is the density of refractory and V \s the velocity of sound.
The elastic moduli are proportional to the square of the resonance 
frequency as:
E a K f f  (10)
where, fr is the resonance frequency and K is a constant.41
The elastic moduli of refractories are a complex combination of many 
factors. Refractories usually consist of several crystalline and glassy phases, as 
well as numerous pores and microcracks. Only the effects of pores and 
microcracks in the refractory microstructure can be characterised quantitively. 
The effects of porosity can be expressed as:
E = E0 exp(-aP) (11)
where, E0 is the zero porosity modulus, P is the pore fraction and a is an 
empirical constant.42 The elastic moduli depend on both the size and number of 
microcracks and their interactions. The relation between the elastic moduli and 
microcracks can be expressed as:
E = E J 1  + [16 (1- y) NC?]/3} (12)
where, N is the number of microcracks per unit volume of dimension C. 
Refractories are utilised at high temperatures and the previous techniques can 
be applied for measuring elastic moduli at high temperatures. Figure 2 illustrates 
the typical trends for £  and G for most refractories. They decrease linearly with 
increasing temperature.38
3 0 0 0 9  0 3 1 6 4 1 4 9  611
Temperature
Figure 2. Typical temperature dependence
of the elastic moduli of refrctories38
2.4 Silicon Carbide Refractories
Silicon carbide crystallises in two major forms; a and (3-modifications. The 
low temperature (3-modification transforms irreversibly to a-modification at 
around 1800 °C. (3-SiC is manufactured from silicon and carbon, usually in 
graphite form, at temperatures between 1400°C and 1600°C. As shown in Table 
1, silicon carbide has extremely high hardness, low coefficient of thermal 
expansion, high thermal conductivity and excellent thermal shock resistance. 
Refractory materials made from silicon carbide take advantage of these 
properties.43
2A. 1 Bonding Systems in Silicon Carbide Refractories
Refractory materials made using silicon carbide are widely used at high 
temperatures and under corrosive atmospheres. Their high thermal conductivity 
and excellent thermal shock and oxidation resistance make them attractive 
materials for applications such as in metallurgical industries. The high- 
temperature properties of silicon carbide refractories vary with the bond 
employed in forming the product. As shown in Table 2, the mechanical 
properties of the material depend on the type of bond employed.44 Failure of 
silicon carbide refractories is often due to the failure of the bond. The application 
determines the selection of the bond.
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Table 1. Properties of Reaction Bonded and Sintered Silicon Carbide43
Method/commercial
Symbol
Free Si 
(% )
Microstructure Hardness
(G Pa)
E
(G Pa)
V p
(Kg.rri3)
Kic
(M pa.m 1/S)
r
(J.rri2)
Vickers 
NC 430
10.6 50%  large Sic grains in 
matrix of small Si + SiC
27.7  ±  2 383 0.24 3100 1.9 4.3
Vickers
SC-1
20 Random agglomerates of Si 25.7 ±  3 4.3 0.19 3030 3.0 11.0
Vickers
SC-2
13 Sam e as SC-1 24.3 ± 1 .6 404 0.19 3100 2.8 9.6
Vickers
N C -203
- - - 455 0.27 - - 18.25
Vickers
GEC-Com m ercial
0 Some large tubular grains 
of a-S iC , porosity 4.1%
23.9 395 0.17 3120 2.8 -
Knoop
REFEL
- - 19.62 - - 3100 - -
Knoop
GEC-Com m ercial
0 Submicron ß + large a  
grains
20.9 395 0.17 3120 2.8 -
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Table 2 - Properties of silicon carbide refractories44
Property Clay bonded silicon 
carbide
Silicon oxynitride 
bonded silicon 
carbide
Silicon nitride 
bonded silicon 
carbide
Reaction-bonded 
silicon carbide
Hot-pressed silicon 
carbide
Bulk density (g/cm3) 2.2 - 2.55 2.2 - 2.3 2.2 - 2.4 3.14 3.1 -3.2
Porosity (%) 13-28 18 15 1-3 1 -3
Modulus of rupture 23 (RT) 41 (RT) 42 (RT) 424 (RT) 580 (RT)
(MPa) 14 (1400 °C) 46 (1400°C) 72 (1400°C) 241 (1400°C) 460 (1400°C)
Young’s modulus 
(GPa)
54 140 165 320 437
Thermal shock 
resistance
Poor Very good Very good Excellent Excellent
Thermal expansion 5.9 3.8-4.0 3.6-3.7 4.4 5.8
coefficient (lO^CT1) (RT - 1000 °C) (RT - 1400 °C) (RT - 1400 °C) (RT - 1000 °C) (RT - 1000 °C)
Thermal conductivity 17 (538 °C) 18 (538 °C) 17 (538 °C) 71(600°C) 33 (500 °C)
(Wm'K1) 16 (871 °C) 17 (871°C) 16(871°C) 42 (1200 °C) 15 (800 °C)
Oxidation resistance 
Corrosion resistance
Poor
Attacked by many 
molten metals and 
chemical 
compounds.
Good
Not attacked by 
molten non-ferrous 
metals and fluoride 
bath.
Good
Not attacked by 
molten non-ferrous 
metals and fluoride 
bath. Resistant to 
molten cast iron 
under reducing 
condition.
Very good 
Resistant to molten 
cast iron and 
attacked by sodium 
and potassium 
hydroxides and 
sulphates.
Very good
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The following bonding systems are used with the silicon carbide 
refractories33:
1- Silicon nitride bond; This bond is formed in situ by bonding a-SiC with fine 
silicon and firing in nitrogen at temperatures around 1400 °C. The bond formed is 
a mixture of a- and (3-Si3N4 with traces of Si2ON2 and free Si.
2- (3-SiC bond; The bond is obtained by firing a mixture of silicon metal and 
carbon at around 1400 °C in a reducing atmosphere created by the presence of 
loose coke. In this material, the bond is p-SiC with traces of S i02 and carbon.
3- Oxide bond; This bond covers a wide range of materials including simple clay. 
In some cases, the bond consists of S i02 and aluminium powder, which is 
subsequently oxidised to form a mixture of S i02 and alumino-silicate glass.
4- Silicon oxynitride bond; The principal bond is Si2ON2 with Si3N4 and Si02 as 
minor impurities. It is obtained by firing a silicon green bond in a nitrogen-rich 
atmosphere with a zone of controlled oxygen partial pressures. As with the Si3N4, 
silicon is used as a precursor and certain permeability is required to ensure 
complete reaction. As a result, porosity in such bonds is higher than in 
conventional refractories.
2.5 Silicon Nitride Bonded Silicon Carbide Refractory Material (SNBSC)
The silicon nitride bond was one of the solutions to the oxidation problems 
experienced by the early SiC-refractories. The fine SiC grains tended to oxidise 
forming Si02 with the resultant increase in volume leading to growth and 
cracking and eventual disintegration.45 The introduction of SiC-refractories to the 
blast furnace was one of the results of the development of Si3N4-bond. They 
were first used as stave inserts in Port Kembla, Australia, in the early seventies. 
Their applications in the blast furnace were extended to include the bosh, 
belly/mantle and lower stack area, the most critical zones of the furnace.46
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2.5.1 Formation Mechanism and Microstructure of Si3N4 Bonded SiC 
Material
Elemental Si-powder and SiC grains are the raw materials for this 
ceramic. The mixture is consolidated by techniques such as uniaxial pressing 
and slip casting. The consolidated product is fired in a nitrogen atmosphere to 
convert Si to Si3N4.
3<Si> + 2 (N2) = <Si3N4>49 (1)
AG° = -723 + 0.315T kJ.mof1.
Figure 3 shows the processing route for Si3N4-bonded SiC material.47
Figure 3. Processing route for SNBSC material47
During firing, internal pores decrease significantly in size and number. 
The density of Si is 2.33 g.cm'3 and that of Si3N4 is 3.18 g.cm'3. From these 
values and a weight gain of 66.6% for reaction 1, it can be calculated that a 
particle of Si expands 22% in volume upon reacting to form Si3N4.48 As the pores 
decrease in number, the pore channels through which the N2 diffuse to the inside 
of the compact close off and the diffusion of N2 stops. Full nitridation of high
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density compacts takes a long time and densities above 90% theoretical density 
are not possible with the conventional reaction bonding.
The reaction product of Si and N2 fills part of the existing voids and bonds 
the SiC grains. The final microstructure consists of a-Si3N4, a-SiC and p- Si3N4 
with traces of free Si and Si2ON2.50 The Si3N4-bond exists between the SiC grains 
in the form of needle-like and fibrous crystals.51 Most of these needle-like and 
fibrous crystals occupy the spaces between SiC grains. Some of the Si3N4 grow 
on the SiC particles and connect closely with it.
Both forms of Si3N4 (a and p) may form, depending on the temperature, 
nature of the starting materials and the nature of the gaseous phase. High 
enough oxygen partial pressure results in the formation of silicon oxynitride 
(Si2N20). Table 3 gives the influences of the reaction variables on the nitride 
bond produced.
Table 3. Influence of reaction variables on reaction product52
Reaction variables Influence on product
Time Early reaction at low temperature produces high a/p ratio.
Low temperature 
(< 1350 dC)
High a/p ratio; fine structure.
Medium temperature 
(1350 °C - 1410 °C)
Texture becomes coarser with increasing temperature; 
pore size increases.
High temperature 
(>1410°C)
Coarsens structure; P-Si3N4 increased.
High surface area a/p ratio increases.
High pressure Texture becomes finer; P-Si3N4 increases.
High oxygen Increases a/p ratio.
Hydrogen Increases a/p ratio, texture becomes finer.
Iron Decreases a/p ratio.
Flowing 
N2 atmosphere Encourages clean porosity.
Heating rate Various rates appear to alter a/p ratio.
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2.5.2 Solid state Formation of Si3N4 Bond
One of the two silicon nitride modifications forms when silicon reacts with 
nitrogen depending on the physical conditions of silicon, temperature, impurities 
and the nature of the gaseous phase. Both forms (a and P) of Si3N4 have 
hexagonal crystal structures but they differ in the lattice spacing in the direction 
of c-axis. This distance for a- Si3N4 is about twice as large as for p- Si3N4.53 Table 
4 gives the crystal structure and density of the two phases.
Table 4; Crystal structure and density of Si3N4-phases56
Crystal structure:
a-phase, hexagonal 0a =  7.75 - 7.77 A
c = 5.16-5.69 À
da  ~ 0.70
P-phase, hexagonal
a = 7.59 - 7.61 A
c = 2.71 - 2.92 A
da  ~ 0.37
Theoretical density (g.cm'3)
a-phase 3.168-3.188
P-phase 3.19-3.202
a-Si3N4 forms from a gaseous state at temperatures below the melting 
point of Si in the form of needles which grow together to mat. At and above the 
melting point of Si, a-Si3N4 mat becomes denser and crystallites of p-Si3N4 grow 
into the molten Si. The final structure consists of discrete grains of p-Si3N4 in a 
mat of a-Si3N454 The ratio of a-Si3N4 to p-Si3N4 depends on several factors such 
as temperature, type of impurities and atmosphere. Liquid phases such as 
molten Si and Si-alloys may lead to greater formations of p-Si3N4 and lower a/p 
ratio.55 The presence of hydrogen in the nitriding atmosphere appears to result in
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higher a/p ratio. Iron impurities encourage the formation of liquid phase in which 
P-Si3N4 nucleates, but the formation of p-Si3N4 as well as the transformation of a- 
Si3N4 to p-Si3N4 is favored by the liquid phase rather than by the presence of iron. 
Also, P-Si3N4 formation is favored by applying high pressures during nitridation.
It seems that the physical condition of Si (solid, in liquid or gaseous as 
SiO or silicon hydride) at the reaction site determines what phase of Si3N4 forms. 
a-Si3N4 develops when Si is present as silicon monoxide (SiO) while only p-Si3N4 
forms when Si is present as Si vapor. The transformation of a-Si3N4 to P-Si3N4 is 
believed to be associated with an increase in grain size and in the size of 
micropores. Strength therefore decreases as a result of such transformation 
(increase in p-Si3N4 and/or increase in micropore size).56
Formation of the a-phase56
The a-phase is composed of a-whiskers and the very fine-grained a­
matte. The a-whiskers are in the form of long thin fibres and an inner crystalline 
core, surrounded by a thin amorphous layer. The spherical origin of many of 
these whiskers contains impurities such as iron suggesting that they are formed 
through a vapour-liquid-solid mechanism. Iron can significantly reduce the 
melting temperature of silicon. Nitrogen is transported to the whisker origin 
where it condenses in liquid and reacts at the solid-liquid interface to form Si3N4 
and to contribute to the growth of the needles. For the formation of a-matte, Si3N4 
nuclei are formed at the beginning of the reaction between silicon and nitrogen 
through chemisorption. Silicon is transported to these nuclei through 
evaporation-condensation or surface diffusion through the vicinity of the nuclei. 
The nitrogen concentration in the nuclei’s close vicinity decreases with the 
increasing growth of the nuclei till becomes too low to form new nuclei. The 
increasing growth of the nuclei leads to the formation of a dense Si3N4 layer and 
generation of pores at the sites where silicon has evaporated or diffused away. 
Diffusion is the rate-limiting factor in the formation of a-phase.
Formation of p-phase56
p-phase may be formed by the solid-gas reaction between silicon and 
nitrogen and through the diffusion of nitrogen in solid silicon nitride or in the
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presence of a liquid phase, p-crystals have hexagonal tunnels in their crystal 
structure through which nitrogen can diffuse to the silicon-silicon nitride interface 
and react there with silicon. The volumetric expansion accompanying the 
transformation of silicon into silicon nitride is accommodated by the space 
generated through new porosity or through the melting of silicon, which explains 
the high proportion of p-phase formed at nitridation temperatures above the 
melting point of silicon. The observations that impurities in silicon, which form 
with the silicon low-melting point eutectics, enhance the formation of (3-phase 
support the assumption that the p-phase is formed in the presence of a liquid 
phase. In the formation of p-phase, the reaction at the silicon-silicon nitride 
interface is the rate-controlling step, not the diffusion of nitrogen since nitrogen 
can easily diffuse through the large hexagonal tunnels in p-structure.
2.6 Properties of SNBSC Material
The properties of SiC-refractories with Si3N4-bond show a lot of 
improvements over previously available SiC-refractories. In comparison to the 
oxide (S i02)-bonded SiC-refractories, SNBSC refractories have double the value 
of cold and hot MOR and significantly improved oxidation resistance. Also, 
SNBSC refractories have shown a higher Young’s modulus (£).45
2.6.1 Mechanical Properties o f SNBSC
SNBSC refractories have a lower MOR than reaction-bonded silicon 
carbide (RBSC) and hot-pressed silicon carbide (HPSC) at room temperature 
and high temperatures (Table 2). The advantageous feature of SNBSC 
refractory over reaction-bonded and hot-pressed silicon carbide is that it retains 
its strength at high temperatures or tends to increase its strength with the 
increase in temperature up to 1400 °C.
MOR of SNBSC refractory increases with the increase in density of the 
material (Fig. 4).24 Also, MOR increases with the increase in the Si3N4 bond 
content of the material.24,25 With the density of the material kept constant, the
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critical factor that influences strength is the micro- and macropores content. The 
non-linear increase of strength with the increase in density correlates with the 
changes in micro- and macropore content of the material.2425 The cold MOR 
values of SNBSC refractories range from 20 MPa to 40 MPa44 50 51 57 and hot MOR 
(1400 °C) from 40 MPa to 72 MPa.
Young’s modulus (£) of SNBSC shows a general dependence on 
porosity. As a bulk property, E also depends on the amount and orientation of 
phases.56 In comparison to self-bonded silicon carbide, SNBSC with a more 
densified microstructure and finer-grained matrix shows a higher E, MOR, KIC 
and abrasion resistance.50 The average value of E for SNBSC refractories is 
around 165 GPa.
Figure 4. Room temperature modulus of rupture (MOR) versus density for SNBSC24
2.6.2 Thermal Properties of SNBSC
The thermal expansion coefficient (a) of SNBSC refractory is 
approximately the same as the other silicon carbide refractories. It ranges from 
4.20 x 10'6 °C'1 to 4.70 x 10'6 °C‘1 from room temperature to 1400 °c.453° The 
thermal expansion coefficient of SNBSC refractory changes with the amount of
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Si3N4 bond in the refractory.52 Thermal expansion decreases with the increase in 
the content of Si3N4-bond. Also, the amount of a-Si3N4 in the bond was shown to 
have some influence on the thermal behavior.57 Figure 5 illustrates the influence 
of a-Si3N4 on the thermal expansion of SNBSC refractory.
Figure 5. Thermal expansion [R1 and R3 22.4% bond but different 
a-Si3N4 content; R2, 33.4% bond]57
The thermal conductivity of refractories is determined by the type and 
amount of bond, the purity of the raw materials and the firing temperatures.44 At 
room temperature, the thermal conductivity of SNBSC material is approximately 
equal to that of clay-bonded SiC refractory and Si2ON2-bonded SiC refractory 
and about half the value for hot-pressed SiC. At high temperatures, thermal 
conductivity of SNBSC is equal to or a bit higher than that of hot-pressed SiC.
2 .6.3 Chemical Properties of SNBSC
SNBSC refractory is resistant to corrosion caused by non-ferrous metals 
and fluoride, but it is susceptible to corrosion caused by alkali attack.32 The 
relative proportions of phases (a- Si3N4, (3-Si3N4 and Si2N20) seem to have no 
effect on the alkali resistance of SNBSC refractory.46 The oxygen (0 2) content of
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SNBSC refractory was established to have a relationship with the susceptibility 
of the refractory to alkali attack.46 The 0 2-content of the fired surface of the 
refractory, probably in the form of S i02 or silicate film surrounding the SiC grog, 
was found to be higher than the bulk of the material and it was selectively 
attacked by the alkali. Improvement in alkali resistance of the material was 
achieved by controlling the 0 2 content in the fired surface of the refractory.
Herron and Indelicato58 improved -the NaOH.CaO corrosion resistance of 
SNBSC refractory by the addition of small percentages of one or more refractory 
oxides. These oxides include MgO, YSZ and Al20 3. Figure 6 illustrates such 
effects.
Figure 6. Effect of refractory oxide addition on resistance 
to alkali corrosion59
SNBSC refractory has improved oxidation resistance compared to clay- 
bonded and Si2ON2-bonded SiC refractories.57 Oxidation behavior of the material 
is strongly influenced by the amount of porosity and the pore structured 
Because of the open micropores in the structure, oxidation starts at the external 
and internal surfaces. The increase in volume due to the formation of S i02
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(crystalline and amorphous), which has larger volume than Si3N4 and SiC, leads 
to a decrease in total porosity and to a reduction in the pore diameter. Small 
pores are closed after a short time while larger ones take longer time to seal. 
The rate of oxidation is strongly reduced after the formation of a closed S i02 
layer.
The degree and type of oxidation is determined by temperature. At high 
temperatures, the open pores are closed in a short time by the oxidation product 
and further oxidation occurs by diffusion through the S i02 layer. Reddy et. al57 
found that the oxidation of SNBSC refractory stops after short exposure at high 
temperature. SNBSC refractory showed rapid weight gain at 1200 °C and 1350 
°C at the beginning of exposure due to oxidation but after 6 hours the weight gain 
was stable at 4.7 x 103 g.cm'3.
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3.0 Microwave Processing of Ceramic Materials
3.1 Introduction
Microwaves are electromagnetic waves with frequency range of 0.3 GHz 
to 300 GHz. As a part of the electromagnetic spectrum, microwaves obey the 
laws of optics and therefore can be transmitted, reflected or absorbed depending 
on the heated material’s dielectric and magnetic properties. Also, microwaves 
are polarised and coherent.6 The reluctance to accept the microwave technique 
in processing ceramics is attributed to the poor understanding of the efficient use 
of microwaves and the lack of the necessary data for optimising microwave 
processing and equipment, such as the dielectric properties of ceramic materials 
at elevated temperatures and the ceramic response to the change in the 
microwave frequency.59 However, the prospect of new and significant gains from 
using microwave energy in processing ceramics such as the reduction in the 
manufacturing cost and energy consumption with the potential for synthesis of 
new materials with superior properties to those of conventionally processed 
materials explains the growing interest in microwave processing techniques.
3.2 Advantages of Microwave Processing
Development of microwaves for processing of ceramic materials relies on 
the ability of microwaves to provide rapid and uniform heating of ceramics.60 
Using microwaves provides the potential for accomplishing processes that are 
regarded as difficult to accomplish with conventional processing. These 
processes include joining of similar or different materials, self-propagating 
synthesis of materials at high temperatures, waste remediation and extreme high 
temperature forming operations.61
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The main advantages of microwave energy in the processing of ceramic 
materials are summarised in Table 4.
Table 4: Advantages of microwaves over conventional heating processes39 
Uniform heating
Lower temperature needed for processing materials 
Improved product quality, uniformity and yields 
Rapid processing 
Reduced processing cost 
Selective heating
3.3 Mechanisms of Microwave Heating
Microwave heating of ceramic materials results due to the interaction of 
microwaves with the affected material. The interactions of microwaves with a 
material depend on the dielectric and magnetic properties of the material.59 In 
general, materials can be catagorised according to their interactions with 
microwaves as reflectors, absorbers or transparent to microwaves. Most metals 
are reflectors whereas ceramics are either transparent or absorbent.
Microwave heating results when energy from the incident radiation is 
transferred to the receptor. Heating occurs through a number of mechanisms. 
These mechanisms include ionic conduction, dipole rotation, magnetic losses, 
interfacial polarisation and molecular twisting and bending.5 For ceramic 
materials, the main mechanism is thought to be dipole rotation.62 Microwave 
energy generates internal electric fields within the ceramic material when 
microwaves penetrate and propagate through the material. These electric fields 
produce transitional motions of electrons and ions and rotation of dipoles. To 
resist these induced motions inertial, elastic and frictional forces develop within 
the material resulting in losses and attenuation of the electric field which lead to 
the volumetric heating of the material.63
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All the loss mechanisms are represented by the effective dielectric loss 
factor ( r eff) (appendix 1, equation 1). Ceramic materials with very low dielectric 
loss factors are transparent to microwaves whereas those with high dielectric 
loss factors absorb microwaves. Ceramics with dielectric loss factors between 
0.01 and 5 can efficiently couple to microwaves and can be heated in a 
multimode microwave applicator alone and without assistance. If the dielectric 
loss factor is less than 0.01 a single mode microwave applicator or hybrid 
heating is needed to heat it to the processing temperature. The volumetric 
heating of a ceramic is lost and the microwave energy is dissipated at the 
surface of the ceramic if the dielectric loss factor of the material is greater than 
5.64 Frequency of microwaves and temperature have a great effect on the 
dielectric loss factor. A material that is transparent at low temperatures can 
become a good receptor and couple well with microwaves at high 
temperatures.65
The extreme case of microwave absorption by a material is thermal 
runaway. Thermal runaway occurs above a critical temperature. At this 
temperature, the dielectric loss factor increases sufficiently to yield efficient 
responses of the dipoles to the electromagnetic field. The critical temperature 
changes from one material to another material and it is dependent on the 
frequency of microwaves.61
A model of thermal runaway developed by Kenkre et. al66 using physical 
considerations was found to offer a good description of the phenomena when 
applied to several materials. In this model, materials were assumed to consist of 
two heating species, “A” and “M”. A-species, typified by impurities and 
inclusions, absorb microwave energy at low temperatures through a Debye 
mechanism. M-species typified by interstitial atoms and vacancies do not absorb 
microwave energy at low temperatures. M-species however, lie in potential wells 
which keep them at a state of zero velocity. These binding wells need to be 
overcome if M-species are to be released and be able to absorb microwave 
energy. If the temperatures are high enough, M-species are released from the 
potential wells through thermal fluctuations and become absorbers. The greater
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the energy to overcome the potential wells the greater the dependency of the 
initial heating on A-species. The transformation of bound absorbers to free 
absorbers is the source of thermal runaway.
The relative dielectric constant (sr) (appendix 1, equation 2) and the loss 
tangent (tan 8) (appendix 1, equation 3) are used to describe the behavior of a 
dielectric material influenced by a microwave field. They influence the volumetric 
heating by influencing the power absorption and penetration depth. Both are 
influenced by temperature. The relative dielectric constant is greatly effected by 
composition and density of the heated material. Impurities have the greatest 
effect on the loss tangent. The increase in the loss tangent results in the material 
absorbing more microwaves.59
The microwave power absorbed per unit volume of a dielectric material 
can be described in terms of internal field generated and total effective 
conductivity (appendix 1, equation 4). The penetration depth of microwaves 
through a dielectric material is described by the distance from the surface of the 
material at which the microwave power drops to 1/e of its incident power 
(appendix 1, equation 5). Low frequency microwaves have high penetration 
depth but their influence on the heating of the effected material depends on the 
strength of the internal field that in turn depends on the heated material 
properties.61
3.4 Microwave Heating of Ceramic Materials
The applications of microwaves include a wide range of industrial, 
scientific, medical and domestic uses. The majority of microwave installations 
are using 0.915 GHz and 2.45 GHz frequencies. A great variety of industrial 
applications have demonstrated the viability of using microwave energy. They 
include chemicals, food, rubber, textiles, plastics, foundry, paper, 
pharmaceuticals and oil.67
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Several researchers have shown that when compared with conventional 
processing, microwaves significantly decreased the processing time and 
temperature for ceramic materials. These savings are particularly important for 
traditional ceramics processing and are very promising in the processing of 
whitewares, refractories and clay products in shorter times and with physical and 
mechanical properties comparable to those of conventionally processed 
ceramics.68
The microwave applications in processing ceramic materials include low 
and high temperature applications. Many low-temperature processes are used 
commercially whereas most of the high-temperature applications are still in the 
research stage.69
3.4.1 Low-Temperature Microwave Applications
Microwave drying of ceramics is one of the low-temperature microwave 
applications that have proven to be advantageous over conventional heating. 
Microwaves are effective in the removal of the water content of thick sections 
because water efficiently absorbs microwaves and can be very rapidly heated at 
0.915 GHZ and 2.45 GHZ frequencies. Conventional heating is very inefficient 
for the removal of low water content and microwave drying is very economical in 
such cases.70 Conventional heating has proved more economical with high-water 
content solids.
Microwaves have shown reductions of up to 90% of the time required for 
conventional curing and drying of foundry cores.71 Microwave energy used for 
drying plaster molds in casting large aluminium patterns has improved the quality 
of the castings by producing surfaces free of cracks and flaws. These cracks and 
flows are common with conventional drying.72
Another low-temperature microwave application in which microwaves 
have proven their viability is binder removal. Microwaves are used in removing 
binders from ceramic shapes by direct coupling if the binders are loose
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materials, or by heat generated in the ceramic compact. Binders have been 
removed from spark plug insulators73 and ferroelectric pellets of polycrystalline 
lead zirconate titanate (PZT) and lead-based lanthanum-doped zirconate 
titanate74 (PLZT) in the early stages of microwave processing of these materials. 
Microwaves proved their commercial feasibility in the dewaxing of the ceramic 
shell molds in the investment-casting industry with the advantage of recovering 
of wax for reuse and energy savings of up to 90%.75
3.4.2. High-Temperature Microwave Applications
Sintering is one of the most critical stages in the manufacturing of ceramic 
materials. Higher quality materials necessitate the development of the heating 
equipment to meet the more demanding manufacturing processes. One of the 
significant improvements in heating equipment is the application of microwaves 
in the manufacturing processes of ceramic materials. Higher densities are 
attained in shorter processing times. Energy and time are also saved with 
microwave processing of ceramic materials.76
Microwaves have been used in the sintering of alumina spark plug 
insulators by Schurbring.69 The sintering temperature of 1600 °C was achieved in 
a multimode cavity without any thermal runaway. Thermal runaway was 
prevented by controlling the power input. The complete firing cycle was done 
with only 50% of the energy required in the conventional manufacturing process.
Microwave processing of alumina castables has been carried out by 
Sutton and Johnson.77 They have developed a two-stage firing schedule to dry 
and fire high-alumina castables. Moisture was removed in the first stage. Large 
castable shapes weighing as much as 68 kilograms and having lengths of up to 
1 meter were heated 3.6 times faster than in conventional process. The 
microwave process was 50% faster and 20 to 30% lower in energy costs than 
gas-fired production process.
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Powdered compacts of 99.99% pure alumina have been microwave 
densified to 91.7% theoretical density and an average grain size of 3 ¡urn by 
Meek et. a f8 using 2.45 GHz microwave radiation. Additions of 2% of TaC, SiC 
or MoSi3 increased the final density to 97% and resulted in an average pore 
diameter of 1.2 to 1.8 pm. They observed that high-purity, submicron powder 
compacts of alumina could be densified from an initial value of 50% to a final 
value of 95.7% by heating from room temperature to 1700 °C using 60 GHz 
radiation. The conventional sintering of high-purity alumina compacts (50% initial 
density) required 20 hours at 1600 °C to achieve the same final density.
Janney and Kimrey79 have found that sintering of alumina with 0.1 wt.% 
MgO under vacuum using 28-GHz radiation resulted in the material absorbing 
more power than processing at 2.45 GHz radiation. Because of the higher 
frequency and the greater value of the loss tangent (tan5) at 28 GHz about 25 
times more power could be absorbed by the high-purity alumina. They also 
noticed that microwave sintered alumina densified far more rapidly than 
conventional heating (Fig.7a). They suggested that the high diffusion rate 
induced by microwaves was responsible for the rapid densification of alumina. 
Figure 7b illustrates the difference in the apparent activation energy for alumina 
sintered by microwave and conventional processes.
Figure 7a. Density versus temperature of microwave (28 GHz) and conventionally sintered
alumina (Janney and Kimrey)79
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Figure 7b. Apparent activation energy for alumina sintered by microwave and
conventional processes59
Tian et. al80 have studied the sintering of alumina with 30 wt.% TiC 
composite. These composites were heated rapidly and uniformly to the 
processing temperature of 1850 °C and were sintered to 95% of theoretical 
density without cracking. The conventional sintering of these composites was 
difficult and required higher temperatures (1950 °C).
The conventional pressureless sintering of the covalently-bonded carbide 
and nitride ceramics is not effective without sintering aids. Katz et. al81 have 
shown that microwave densification of boron carbide (B4C) was possible without 
sintering aids. A density of 95% was achieved in less than 12 minutes by 
microwave heating to 2000 °C. Sintering aids and a temperature in excess of 
2100 °C were required to achieve a similar density by the conventional sintering 
processes.
Microwave generated plasmas can be used in the rapid heating and 
sintering of many ceramic materials. A rapid heating rate of about 100 °C/sec 
has been used by Kemer and Johnson82 to heat thin rods of porous alumina 
containing 0.25 wt.% MgO in a nitrogen plasma. The starting materials of 50% 
theoretical density were densified to around 99.9% in less than 2 minutes at
32
1600 °C. Finer grains of about 2.5 pm were achievable with 99.5% dense 
alumina ceramic processed using microwave energy which is typically one order 
of magnitude smaller than the grain size of conventionally sintered samples of 
comparable density.
Wroe and Samuel83 have investigated the sintering behaviors of a series 
of advanced ceramic materials, both oxides and non-oxides, using a 2.45 GHz 
microwave oven. They established that microwave heating enhanced the 
densification process. Higher densities were achieved with microwave sintering 
at similar temperatures to conventional sintering. With alumina, the difference 
was about 50 °C. Yttria stabilised zirconia showed a higher difference of about 
100 °C. All the non-oxide ceramics tested showed enhancement of densification 
and reached the same densities as the conventionally processed materials at 
temperatures 100 °C to 200 °C lower. Also, microwaves were found to enhance 
the conversion of a-silicon nitride to (3-silicon nitride.
Samuel and Brandon84 have used additions of loose stabilised zirconia 
material to determine their influences on the densification of alumina. A 
dilatometer was used to continuously monitor the densification process of 
alumina, alumina with 20 wt.% yttria stabilised zirconia, alumina with 50 wt.% 
yttria stabilised zirconia and yttria stabilised zirconia. They concluded that 
microwave enhancement of densification of these ceramic materials increased 
with the loose material content. They suggested that such enhancement could 
be a result of reduction in the activation energy for grain boundary diffusion.
Wilson and Kunz85 found that microwave-processed partially-stabilised 
zirconia had the same grain size and similar properties to conventionally- 
processed material when it was sintered to comparable densities to 
conventionally-processed material using 2.45 GHz microwave energy.
Janney et. al86 have successfully sintered zirconia-8 mol% yttria using a 
2.45 GHZ microwave oven. They developed an arrangement called a “picket 
fence” for sintering their material and compared the results with conventional
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sintering. The SiC rods used in the picket fence arrangement indirectly heated 
zirconia up to 600 °C. Large samples of about 80 grams in weight and 50 
millimeters in diameter have been produced. They noticed that microwaves 
reduced the temperature required for the conventional sintering of the material 
by as much as 150 °C. The microwave-processed material was found to have a 
finer grain size in the final sintered part.
Silicon nitride-based materials can be conventionally processed using a 
number of thermal heating techniques such as sintering, reaction bonding and 
annealing. In sintering, sintering aids such as Y20 3 and Al20 3 are used with the 
high a-phase silicon nitride powders. The sintering is usually performed at 
temperatures ranging from 1700 °C to 1900 °C in a nitrogen atmosphere. 
Densification occurs through liquid phase formation by the reaction of the 
sintering additives with the silica layer on the silicon nitride particles and by a 
solution-diffusion-reprecipitation process in which a-silicon nitride is transformed 
to p-silicon nitride. Silicon powder can be used instead of silicon nitride powder. 
It is mixed with the sintering additives and nitrided at temperature between 1200 
°C and 1400 °C and then sintered at elevated temperatures to density in a similar 
manner.
Microwave heating of silicon nitride-based materials occurs by the 
coupling of microwaves to the sintering additives since a pure silicon nitride 
material is a poor coupler to microwaves. Improved densification during 
sintering, accelerated nitridation of silicon and improved high-temperature 
mechanical properties have been claimed.87
Reaction-bonded silicon nitride is manufactured by heating a compact of 
silicon powder in an atmosphere containing nitrogen. Green density and 
specimen size that can be nitrided fully is limited by the diffusion of nitrogen into 
the compact in the later stages of reaction.15 The higher the green density the 
less the nitrogen diffusion into the component. During nitridation, the volume and 
the size of porosity decrease as the reaction progresses. At reaction 
temperatures lower than the melting point of silicon, the resultant fine-grained
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silicon nitride fills the pores resulting in a 2-3 order of magnitude decrease in the 
size of pores.88
Diffusion of nitrogen into the silicon compact becomes inhibited by the 
newly formed nitride grains in the later stages of reaction. Longer times are 
needed for full reaction and the green density and size of the specimens that can 
be nitrided fully are restricted.
Microwave nitridation of silicon can be performed with larger specimens 
and higher densities. Microwave energy heats volumetrically and heat is only 
dissipated at the surface of the specimen. That results in a reverse temperature 
gradient to conventional heating. The interior of the samples is always hotter 
than the surface. Such a temperature gradient in microwave heating makes the 
nitridation reaction proceed from the inside to the outside of the specimen and 
the porosity near the surface remains open for longer times leading to an 
increase in the size and green density of the specimens that can be nitrided fully. 
Also, microwave energy offers the possibility to control the nitridation rate. The 
power input is related only to the temperature of the sample not the cavity and 
any changes in the power input will influence the sample temperature. The 
reaction rate which can be monitored by weight gain of the specimen can be 
controlled by the level of power input.23
Kiggans et. al89 have found that nitridation of silicon using microwave 
energy occured at about 1200 °C compared to 1250 °C for conventional 
nitridation of silicon. The percent of conversion of silicon to silicon nitride in the 
microwave-heated samples was higher (Figure. 8). The increase in the hold time 
at a certain temperature led to a greater increase in nitridation with microwaves 
than with conventional heating. A controllable and near 100% nitridation was 
achievable with microwave sintering when a-silicon nitride and sintering 
additives were used with the starting silicon material.
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Figure 8. Early stages of nitridation of silicon by conventional 
and microwave heating89
Tiegs et. al90 have studied the influence of microwaves on the 
microstructures of silicon nitride-based materials using 2.45 GHz microwave 
energy. Two different material compositions were used; silicon nitride with 6 
wt.% yttria and 2 wt.% alumina and silicon nitride with 12 wt.% yttria and 4 wt.% 
alumina. They noticed that the increase in the additive content improved the 
coupling efficiency. Lower power levels were required for heating the material 
with higher additive content. Heating efficiency was also improved by using 
additions of secondary particles that coupled well with microwaves (2 wt.% 
silicon carbide or titanium carbide). Higher densities were achieved with such 
additives. Improving the heating uniformity resulted in producing relatively crack­
free samples. Improved heating was also achieved by using 28 GHz microwave 
power. High frequencies resulted in better absorption of microwaves by the 
samples and a more uniform electric field. Tiegs et. al90 have also used 
microwaves to nitride and sinter high purity Si-Si3N4-Y20 3-AI203 compositions. A 
series of mixtures of this composition were nitrided in a 2 hours cycle at 1340 °C 
and then sintered at 1750 °C for 30 minutes in a 2.45 GHz microwave oven.
Holcombe et. al91 have used a 2.45 GHz microwave oven to produce 
sintered reaction-bonded silicon nitride material. Their starting materials 
consisted of Si, a-Si3N4, Y20 3 and Al20 3 to give a final composition after
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nitridation and sintering of Si3N4-9 wt.% Y20 3-3 wt.% Al20 3. Two different 
arrangements for microwave heating were used; picket-fence (Fig.9A) and the 
close-pack-mixed arrangement (Fig.9B). The picket-fence arrangement resulted 
in a temperature gradient. The temperature of the outside was lower than that of 
the center which led to differences in the final densities and the sample showing 
warping and slumping. The close-pack-mixed arrangement resulted in uniform 
heating of the samples and the samples showing uniform appearance. There 
was slight differences in densities and flexural strengths of the samples which 
increased slightly from the top to the bottom. The same differences of the 
densities and strengths were noticed when the same arrangement was used for 
conventional sintering. Also, Holcombe et al. produced complex shapes using 
2.45 GHz microwave energy and compared the results with conventional 
sintering of the same shapes. It was concluded that microwave sintering of 
reaction-bonded silicon nitride could be performed in shorter times and in one- 
step nitridation process leading to a simplified process. The mechanical 
properties of microwave processed material were equivalent and in some cases 
superior to conventionally processed sintered reaction-bonded silicon nitride 
material.
Jennings et. al23 have used 2.45 GHz microwave energy to study the influence of 
microwaves on the green density and size of silicon specimens that can be 
nitrided fully. Their arrangement of the samples ensured that the outside of the 
sample was exposed to create a thermal gradient. Figure 10 shows the 
arrangement. A constant rate of weight gain was maintained during the 
nitridation process by adjusting the microwave power by a predetermined 
reaction control program. The microwave nitrided material was compared to 
similarly nitrided material in a conventional oven. Microwave nitrided material 
was found to be more fully nitrided at the interior than the surface. The hardness 
profiles of microwave nitrided material show that conclusively when they are 
compared to conventionally nitrided material (Figure 11).
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Figure 9. Sample insulation configurations for microwave 
processing of multiple samples91
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3.5 Conclusion
The savings in processing time and energy consumption and the 
production of ceramic materials with improved properties seem to be the driving 
force for the development of microwave processing technique of ceramic 
materials. While the low temperature applications such as drying, curing, 
dewaxing and removal of binders are commercially used, high temperature 
applications are still in the research stage. The use of microwaves with 0.915 
GHz and 2.45 GHz frequencies for low temperature applications is 
advantageous over conventional heating in decreasing the processing time and 
improving the quality of the product. Curing and drying of foundry cores71, the 
drying of casting molds72, the removal of binders from spark plug insulators73 and 
ferroelectric pellets of PZT and PLZT are areas of application where microwaves 
are commercially viable.
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The results of laboratory experiments on the use of microwave energy in 
high temperature sintering are encouraging. Several advantages of microwave 
heating over conventional heating are claimed including accelerated sintering 
with finer grain sizes, lower densification temperature, densification of materials 
such as B4C without sintering aids and the synthesis of new materials such as 
superconducting and ferroelectric materials.76'88 Many questions still need to be 
solved before the optimum processing parameters can be developed to meet 
material and product requirements. More studies on microwave-material 
interaction and loss mechanisms, the dielectric properties of ceramic materials at 
high temperatures at various frequencies and the design of equipment and 
processes are needed to predict the heating patterns and rates, to meet specific 
product requirements and to achieve maximum use of energy.
The use of microwave energy in nitriding silicon, the subject of this work, 
has been investigated by a number of authors23 8790 using different microwave 
systems and frequencies. The main advantages were claimed to be lower 
nitridation temperatures (50-150 °C), accelerated nitridation, increase in the size 
and green density of the specimens and the extent of nitridation. The drop in the 
nitridation temperature is questionable due to the difficulty of using 
thermocouples in an electric field. The use of different microwave systems, 
different frequencies and different starting materials makes the comparison of 
these works results inconclusive. Also, no previous work dealing with the 
microwave production of SNBSC material could be cited. A conventional nitriding 
of the powders used in this work could provide an answer to some of the 
questions of energy and time savings and the improvements in the properties of 
final product. Such nitriding was not possible in this work due to the non 
availability of a proper nitriding furnace.
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3.6 Aims of This Work
Strengths of refractories are related to their densities, Higher densities are 
desirable for higher strengths of refractories. Also, higher densities and higher 
strengths of refractories are important from an abrasion and slag resistance 
perspective. However, thermal shock resistance can suffer from over increasing 
densities and strengths of refractories.38 The direction of refractories evolution is 
for stronger refractories through the design of their microstructures.24 25
Conventional nitridation of silicon has the limitation of sample size and 
sample density that can be nitrided fully.56 Diffusion of the nitriding gas into the 
sample decreases as the reaction proceeds. Long nitridation times are required 
if the nitriding temperature is kept below the melting temperature of silicon. 
Achieving full nitridation in shorter times requires a temperature higher than the 
melting temperature of silicon at the final nitriding step. Raising the nitriding 
temperature above the melting point of silicon results in melting of silicon and the 
formation of large pores and other strength limiting flaws, especially when 
commercial powders are used. Techniques such as “gas demanding cycle”92 
were developed to overcome the problems associated with nitriding silicon at 
high temperatures. These techniques improved the quality of the product but 
only when the cost of production is not a consideration.
SNBSC refractory is produced by bonding a-SiC with fine silicon powder 
and firing in a nitrogen atmosphere at around 1400 °C to form an RBSN bond. 
The strength of RBSN made from commercial powders is greatly influenced by 
green density, particle size and particle size distribution of the starting powder 
and the nitriding cycle.93 The desirability of increasing the density to achieve an 
increase in MOR has been shown.42,49
The relation between microstructure and mechanical properties of 
ceramics is an important factor in developing materials with higher MOR.94 
Reducing the size of the strength-limiting flaws through controlling the 
microstructure can lead to such improvement in MOR.95
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This work investigates the influence of microwave energy on the duration 
of the nitridation process and the nitridation extent of silicon metal in the Si-SiC 
starting material when high green density is used. The optimisation of the green 
density is a part of this study. The influence of the optimun green density on the 
physical and mechanical properties of SNBSC material is assessed. An optimum 
microwave nitriding process which will result in full conversion of silicon to silicon 
nitride is established in this work.
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4.0 Experimental Procedure
4.1 Starting Materials
The starting powders of silicon and silicon carbide were of commercial 
grades. The silicon powder was 96% pure and the silicon carbide was 97% 
pure. The chemical analyses of these powders are given in appendix 2. The 
mean particle size (D50) of as received silicon powder was 15.08 pm and that 
of as received silicon carbide was 754 pm, measured by a laser granulometry 
method (Malvern Mastersizer S ver. 2.14.).The SiC powder used was 
separated into a number of different batches with different average particle 
sizes. The particle size distributions of both powders used are given in Table 
5. The organic binder used was polyethylene glycol (PEG) with a molecular 
weight of 200.
Table 5. Particle size distribution of silicon and silicon carbide powders
SiC powder Si powder
Range of particle size Mass (%) Range of particle size M ass(%)
(fim ) (H m )
+ 1700 0 + 78 0
+ 1400 0.2 + 66 1
+ 1000 26 + 30 34
+ 600 75 + 10 65
+ 300 99 + 6 80
+ 1.5 99
The forming gas (10% hydrogen in nitrogen) was supplied by Port 
Kembla Industrial Gases, Australia. The hydrogen gas was 99.95% pure and
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the nitrogen gas was 99.999% pure. The inert gas used (zero grade argon) 
was also supplied by the above source.
4.2 Milling and Mixing
The powder to be milled was weighed out and placed into a high 
density polyethylene (HOPE) container with a screw top. Zirconia balls were 
added as a milling media in a weight proportion of 4:1 to the powder to be 
milled. Propan-2-ol was then added to form slurry. The weight proportion of 
propan-2-ol to powder was 3:1. The milling was carried out using a ball mill. 
After milling, the slurry was dried at a temperature of 100 °C for 24 hours 
using a “LABEC” drying oven. For mixing, powders were weighed out and 
placed into a rubber pot. Propan-2-ol was then added in proportion of 4:1 to 
powders to form slurry. A roller mixer was used with a mixing time of 24 
hours. After mixing, the powders were dried using the same above conditions. 
A 10 wt-% binder was added to the dried powder mixtures before pressing. 
The binder was burnt out of the compacts by heating at 1 °C/minute to 250 °C 
and holding at this temperature for a period of 3 hours using an electric 
resistance heated furnace.
After all the milling and mixing stages, powders were sieved through a 
1000 \im sieve. The particle size of each of the milled powders was measured 
using a laser graumlometry method (Malvern Mastersizer S ver.2.14.). 
Results of the particle size measurements of milled powders are given in 
appendix 3.
Different mixtures of silicon and silicon carbide powders were used in 
the compacting of the test bars. For the optimisation of the nitriding process, 
bimodal powder mixtures of as received Si and SiC of 20:80 wt-% were used. 
As received Si and SiC powders were also used for the study of the effect of 
the amount of silicon nitride bond on the mechanical properties of silicon
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nitride bonded silicon carbide refractory. The percentage of Si-powder in the 
green compacts varied from 15% to 40%. Nine batches of different SiC 
particle sized powders were used with 20% Si powder for the raising of the 
green packing density of compacts (Table 6). The Si-powder used had an 
average particle size of either 20 pm or 63 pm.
Table 6: Si/SiC compositions for raising green packing density
SiC (wt %) Si (wt %)
80% < 1000 pm 20% < 63 pm
60% < 1000 pm 
20% < 150 pm 20% < 63 pm
60% < 1000 pm 
20% < 180 pm 20% < 20 pm
60% < 150 pm 
20% < 5 pm 20% < 63 pm
35% < 1000 pm 
30% < 180 pm 
15% < 5 pm
20% < 20 pm
60% < 1000 pm 
20% < 5 pm 20% < 63 pm
35% < 1000 pm 
25% < 180 pm 
20% < 5 pm
20% < 63 pm
35% < 1000 pm 
45% < 180 pm 20% < 63 pm
35% < 1000 pm 
30% < 180 pm 
15% < 5 pm
20% < 63 pm
A uniaxial hydraulic press and a steel die set were used in the 
compaction of test bars. Figure 12 shows the uniaxial pressing arrangement
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used. Different pressures were used in the pressing of test bars. They ranged 
from 120 MPa to 230 MPa. For the prevention of lamination of compacts, the 
applied pressures were released gradually. Test bars of 50 mm in length, 8 
mm in width and 6 mm in thickness were made.
Pressure
Figure 12: Uniaxial pressing arrangement 
4.3 Microwave Equipment
A custom built microwave oven was used in the nitriding process of the 
silicon nitride bonded silicon carbide material. The system consists of power 
supply, magnetron and microwave launcher, tuner, cavity, and computer 
control system. Figure 13 shows this equipment.
The magnetron was driven by single phase 240 volt power supply with 
a maximum power output of 1.2 kW. The magnetron has a fixed frequency of
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2.45 GHz. A directional coupler with a coupling factor of -30.5 dB connected 
to 1 Watt power meters provided measurement of forward and reflected 
power. The relationship between the actual power (P2) and the measured 
power (P^ is given by:
P i  =
Pi
lo g " 1
rdB]
V 10 J
Gas out - —.
Magnetron Launcher 4  gtub Tuner r-L
Thermocouple 
'— <4---- Vacuum
] Pump
Stainless Steel Chamber
Figure 13: Schematic layout of microwave system
The cavity was a stainless steel multimode type of chamber with a 
diameter of 300 mm and depth of 316 mm. The cavity was relatively 
insensitive to frequency drift. The Q factor of the cavity varies little with minor
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changes in frequency. The multimode cavity used allowed for changes in the 
size and arrangement of samples inside the cavity. A four brass stub tuner 
was used for resonance matching. Tuning was attained by using the stubs to 
deviate the microwave field. Because of the high loss factors of heated silicon 
and silicon carbide compositions, the amount of reflected power was minimal 
(less than 10% of the forward power) at both ambient and high temperatures. 
A mode stirrer was used to improve uniformity of the microwave field. Earlier 
work established the need for such mode stirrer.
Temperature was measured using an R-type thermocouple. Two 
thermocouple configurations were tried. The first utilised an R-type 
thermocouple encased in a thin walled (0.1 mm) Pt/Rh sheath and the sheath 
was earthed to the cavity. The second configuration deployed an R-type 
thermocouple without the metal sheath and the thermocouple itself was 
earthed to the cavity. In both cases, the thermocouple was placed in the 
centre of samples. In the former arrangement, arcing was noticed at the 
nitriding temperature. The tip of the thermocouple melted after short exposure 
to the forming gas at 1350 °C. Arcing was reduced by using higher gas 
pressures but the use of metal sheath was still not possible. The sheathed 
thermocouple survived high temperatures in the absence of the forming gas. 
No arcing or plasma was detected when the samples were heated in air up to 
1450 °C. Such observation has led to the development of the second 
arrangement in which the thermocouple was protected from contact with the 
forming gas. The sheathed thermocouple was placed inside a thin 
recrystallised alumina tube (Figure 14b). Such arrangement was successful 
in eliminating arcing at low power output (< 50%). Arcing still occurred at 
higher power output and temperature measurement was not possible at such 
power levels. In this case, arcing was observed to occur between the metal 
sheath and the alumina tube. The replacement of the metal sheath with a 
recrystallised alumina sheath was found to eliminate arcing at all power 
output levels.
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A computer was used to control the heating cycles. The difference 
between the temperature measured by the thermocouple and the set 
temperature dictated the microwave power output.
The chamber was connected to a vacuum pump, supplies of forming 
gas and inert gas (argon) and pressure gauges. The chamber could be 
evacuated using a “Javac” double stage high vacuum pump down to 60 
mTorr measured by a “Convectron 275” vacuum gauge. Also, a positive 
pressure of up to 100 kPa of argon or forming gas could be maintained inside 
the chamber measured by a “Floyd” pressure gauge. A capillary flow meter 
was used to control the flow rate of the forming gas.
4.3.1 Sample Arrangement and Loading
The arrangement of samples inside the cavity was found to have no 
influence on the heating of the material. Both Si and SiC materials have high 
loss factors and can efficiently absorb microwaves at low and high 
temperatures. The optimum mass load was dependent on the composition of 
the material to be nitrided. The reaction of Si with N2 is highly exothermic, 
with enthalpy of reaction of 723 kJ.mol'1.49 To avoid the melting of Si in the 
samples, the number of samples to be nitrided was limited to that with a total 
content of Si of 15 grams or less. Sample arrangement used for the nitridings 
is shown in figure 14.
To avoid contamination of samples by the alumina fiber box, the 
samples were placed on a SiC-plate pressed using the same SiC starting 
material and surrounded by prenitrided samples. Prenitrided samples were 
also used to separate the samples from each other. The thermocouple was 
inserted between the three samples at the center.
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a)
Prenitrided Bars
SiC Plate Thermocouple Insulation
Figure 14a: Cross section view of sample arrangement in microwave 
chamber
b)
Thermocouple
Figure 14b: Plan view at intersection of the thermocouple position with 
respect to samples
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4.3.2 Casketing
Insulation was essential around the samples to contain heat. The 
insulation used consisted of four layers of microwave transparent alumina 
fibre board. Figure 15 shows such insulation arrangement.
Alumina Fibre 
Board (middle 
temperature)
Alumia Fibre Board 
(High Temperature)
Figure 15: Insulation arrangement for microwave chamber
4.4 Nitriding
The inert and forming gases were fed into the chamber from the top 
side and discharged from the bottom side of the chamber. A presintering 
stage was used prior to the nitriding stage. It aimed at increasing the green 
strength of the powder compacts and establishing pore channels for nitrogen 
diffusion into the compact. The compacts were presintered at 1150 °C for 2
51
hours under a positive pressure of 50 kPa of argon prior to nitridation. The 
chamber was evacuated to 60 mTorr, before it was backfilled with argon. The 
nitriding was performed under flowing conditions of forming gas. A constant 
flow rate of 0.5 l/min. was maintained during the nitridation using a capillary 
flow meter. The nitriding was carried out under a positive pressure of 50 kPa 
of forming gas.
The specimens were in the form of bars with different thicknesses. 
They were introduced from the top of the chamber and sat on a SiC plate. 
The arrangement of the samples inside the chamber is illustrated in figure 14. 
The nitriding temperatures used were all between 1350 °C and 1420 °C.
4.4 Density Measurement
Bulk densities of green samples were measured using mercury 
(Archimedes principle). The mass of the sample was recorded and the 
sample was then placed in a mercury bath and weights were added until the 
sample became fully immersed. Hence the added weights (WJ plus the mass 
of the specimen are equal to the upthrust on the sample and the upthrust on 
the sample is equal to the mass of mercury displaced, the density was then 
calculated using the following equation:
W  s X p H  g 
p b u l k  =  ----------------------
W s X W i
Where, pHg = Density of mercury (13.56 g/cm3).
Mercury was used because it would not easily wet the samples, and 
therefore it would not penetrate any open pores, which would affect the
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density measurement. Figure 16 shows the arrangement for green density 
measurement.
Pointer
Sample
Mercury
Balance
Figure 16: Arrangement for green density measurement
Bulk densities of nitrided samples and the volume fractions of open 
porosity in the nitrided samples were measured using distilled water 
(Archimides method). The procedure included drying the specimens at 110 °C 
and weighing when cold (W1) and then boiling in distilled water for 30 
minutes. After boiling, the specimens were weighed in water (W2), dabbed 
with a damp cloth to remove surface moisture and reweighed (W3). The 
following equations were used to calculate the bulk densities and the 
fractions of open porosity:
Bulk density = W i p  o 
W 3 -  W 1
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Volume fraction of open porosity = —:-------
W1-W2
Where, p0 is the density of water at the temperature of weighing.
4.6 Degree of Reaction
The theoretical weight gain of a silicon particle when it completely 
reacts with nitrogen and converts to silicon nitride according to
3<Si> + 2(N2) = <Si3N4> (1)
is 66.6%. The degree of reaction (DR) was thus determined by the ratio
_ Observed weight increase 
Theoretical weight increase
Results reported are average of four samples from each nitriding
cycle.
4.7 X-Ray Diffraction Analysis
4.7.1 Equipment
A computerised Philips diffractometer model 1020 (designed for flat 
powder specimens at room temperature) was used for phase content
determination. It comprises a quartz monochrometer to provide Cu Ka ,
0
radiation with wavelength (A) of 1.540562 A . The diffractogram data were 
stored and processed by a PC running the program Traces V 3.0.
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4.7.2 Calculations
Interplanar spacings (d-spacings) were obtained from the program 
Traces V 3.0. It delivers a complete list of all peaks together with their net 
intensity data and the Q and d values, corrected against an external 
calibration standard.
The nitrided samples were ground into fine powder and then run at a 
0.02° 0s tep  and a speed of 1 “/minute with a 0.2° slit on the focusing circle. 
The phase content of the nitrided samples was determined using data taken 
from the literature97 (Figure 16).
4.8 Optical Microscopy
Nitrided samples were sectioned with a diamond blade and then 
mounted in thermosetting resin. After grinding on fine grades of silicon 
carbide paper, the specimens were polished using a DP-suspension with 
diamond grain size of 6, 3 and 1 jum respectively. Silicon carbide, silicon 
nitride, silicon and pores could be distinguished from each other due to the 
different reflectivities of the individual phases.
Microstructures were examined with a Nikon reflected light microscope 
using polarised and unpolarised light.
4.9 Scanning Electron Microscopy (SEM)
Samples were polished to 1 \im finish and then coated with a thin layer 
of gold or carbon before they were examined with a Cambridge Leica 440 
SEM.
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4.10 Evaluation of Strength
Flexural strength of nitrided specimens was determined using a four- 
point bend test. The test was performed in accordance to ASTM standard C 
1161 using an Instron model 4302 and a loading rate of 0.5 mm per minute. 
The four-point fixture used has a support span of 40 mm and a loading span 
of 20mm. The specimens were in as-nitrided condition. No machining was 
performed on the specimens prior to testing.
Results reported are average of four samples from each nitriding
cycle.
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5.0 Optimisation of Nitridation process
5.1 Nitriding Schedule
The first aim of this work was to establish the nitriding schedule that 
would lead to full conversion of silicon in the precursor silicon/silicon carbide 
composition to silicon nitride bond. The nitriding temperature was kept below 
the melting point of silicon metal (1420 °C) in attempt to avoid the melting of 
silicon. Melting of silicon metal is expected below its actual melting point 
when commercial silicon powder is used. Commercial silicon powder contains 
up to 1 wt.% Fe which is known to form a low melting Fe-Si phase. In this 
work, results of nitriding Si below its melting point have shown that full 
conversion of silicon to silicon nitride (as indicated by x-ray analysis) was 
possible without a hold above the melting point of silicon.
The nitriding schedules used consisted of a presintering step and a 
nitriding step. A schematic representation of the nitriding schedule is shown 
in figure 17. The specimens used for the optimisation of the nitriding process 
consisted of 20% Si and 80% SiC. The mean green density of these 
specimens was 1.82 g/cm3 (~ 60% theoretical density). Both the Si and SiC 
powders were used as received. The presintering step was intended for the 
specimen to gain strength and for establishing pore channels through which 
nitrogen can diffuse into the compact.
Four presintering temperatures were tried ranging from 1000 °C to 
1150 °C for a period of 2 hours. The highest pre-sintered compact strength 
was obtained with presintering at 1150 °C for a period of 2 hours. Table 7 
shows the mean strength of four samples presintered at each of the above 
temperatures. The time and temperature of the presintering step were held 
constant during the optimisation of the nitridation process.
The nitriding step consisted of heating specimens from 1150 °C (the 
presintering temperature) to the nitriding temperature of 1350 °C at 1 
°C/minute.
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Nitriding
Hold
Table 7: Strengths of Presintered compact
Temperature (°C) MOR (MPa)
1000 4.8(± 0.30)
1050 5.3(±0.25)
1100 5.5(±0.32)
1150 6.2(±0.28)
Different durations of the nitriding hold at 1350 °C were used and the 
weight gains were compared. Full conversion of silicon to silicon nitride would 
result in a weight gain of 66.6 wt-% of silicon powder in the compact. The SiC 
powder was assumed to undergo no change during the nitridation process. 
The hold times at 1350 °C ranged from 2 hours to 5.5 hours. Table 8 shows 
the schedules used.
Specimens nitrided using these schedules showed different weight 
gains. The first three schedules produced materials with less than 85% 
theoretical weight gain. Only the last schedule showed 98% theoretical gain 
(within the boundaries of experimental error of weight gain). The weight gain 
increased rapidly with the increase in nitriding time at 1350 °C. Table 9 gives 
the average weight gains of the four nitriding schedules.
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Table 8: Nitridinc3 Schedules
Nitriding Number Nitriding Schedules
Presintering step Nitriding step
1 2 hours at 1150°C 2 hours at 1350 °C
2 2 hours at 1150 °C 3 hours at 1350 °C
3 2 hours at 1150°C 4 hours at 1350 °C
4 2 hours at 1150 °C 5.5 hours at 1350 °C
Table 9: Average weight gains
Nitriding
Number
Nitriding Schedule Average weight 
Gain (%)
%Theoretical weight 
gain
1 2 hours at 1150 °C& 2 hours 
at 1350 °C 49.75 (± 1.70) 74.98 (12.46)
2 2 hours at 1150 °C& 3 hours 
at 1350 °C 53.25 (12.22) 80.62(13.27)
3 2 hours at 1150 °C& 4 hours 
at 1350 °C 55.95 (±2.45) 84(13.68)
4 2 hours at 1150 °C& 5.5 
hours at 1350 °C 65.27(11.1 ) 97.96(11.60)
The phase composition of materials produced using the above 
schedules contained different percentages of a-Si3N4, p-Si3N4 and porosity. 
Free Si existed in the microstructures of samples nitrided using the first three 
schedules. Microstructures of these materials are shown in figures 18, 19, 
20& 21. The white area is SiC, the grey area is Si3N4, the dark area is 
porosity and the shiny spots are free Si.
Changing the nitridation time beyond 5.5 hours at 1350 °C or the 
nitridation temperature above 1350 °C resulted in no further weight gain 
(higher than 98% theoretical weight gain). Two other schedules were used 
where time and/or tempertaure of the nitriding hold were raised. The ramp 
rate between temperatures was kept the same. Table 10 shows these 
schedules and their weight gain results.
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Figures 18: Microstructure of material held at 1350 °C for 2 hours.
40 Li
Figures 19: Microstructure of material held 1350 °C for 3 hours.
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Figures 20: Microstructure of material held at 1350 °C for 4 hours.
Figures 21 : Microstructure of material held at 1350 °C fo r 5.5 hours.
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Table 10 Mitriding Schedules and Average weight gains
Nitriding
Number
Nitriding Schedule Average weight 
Gain
% Theoretical 
weight gain
5
2 hours at 1150 °C 
& 9 hours at 1350 °C 63.70 (±1.25) 95.65 (±1.87)
6
2 hours at 1150 °C, 
5.5 hours at 1350 °C 
& 3 hours at 1420 °C
62.60 (±1.54) 94 (±2.31)
Longer time at the nitriding temperature and/or higher nitriding 
temperature led to no further weight gain. The two materials produced using 
the last two nitriding schedules showed no sign of free silicon in their 
microstructures (figures 22& 23). X-ray diffraction analysis confirmed that full 
conversion from silicon to silicon nitride was achieved with these two 
schedules. No Si peaks were observed in the x-ray diffractograms of these 
materials. Figures 24, 25 & 26 show x-ray diffractograms of materials nitrided 
using the last two schedules compared to that of the fourth schedule. 
Appendix 4 gives the peak files for these diffractograms with their corrected 
interplanar values and integrated intensities.
The main source of error in determining the weight gains with the last 
two schedules were material loss due to evaporation of silicon and small 
formations of silicon oxynitride (Si2N20) since no free silicon was detected in 
the microstructures (optical and x-ray diffraction). Depositions of a-Si3N4 
whiskers were observed to grow on the samples during nitriding using these 
schedules, which indicates that a higher rate of evaporation of silicon 
occured with these two schedules than the first four.
The a/p ratio of Si3N4 bond decreased with the increase in nitriding 
time and nitriding temperature. Table 11 shows a/p ratios of materials number 
4, 5 & 6. These materials have different nitriding temperatures and/or nitriding 
times.
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Figures 23: Microstructure of material held at 1350 C for 5=5 hours
and at 1420°C for 3 hours.
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Figure 24: X-ray diffractogram for material held at 1350 °C for 5.5 hours 
(Appendix 4/No. 1)
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Figure 25: X-ray diffractogram for material held at 1350 °C for 9 hours 
(Appendix 4/No. 2)
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Figure 26: X-ray diffractogram for material held at 1350 °C for 5.5 hours 
and at 1420 °C for 3 hours (Appendix 4/No. 3)
The a/p ratio dropped from 5/1 to 4/1 when the nitriding time was 
extended from 5.5 hours to 9 hours and from 5/1 to 3/1 when a nitriding hold 
at 1420 °C for 2 hours was added to the nitriding cycle. It is well established 
that high nitriding temperatures favor the growth of p-Si3N4 and that the 
proportion of p-Si3N4 is largely determined by the liquid phase present at the 
nitridation temperature.49 The significant change in a/p ratio observed could 
be attributed to the higher temperatures used. The formation of liquid phase 
was not evident in the microstructures of the material (Figures 22 & 23).
Nitriding cycle 4 was taken as the optimum nitriding schedule for as 
received material. It gave the highest weight gain and produced materials 
with no free silicon in their microstructures. It was also preferred over the
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other two schedules (number 5 & 6), which gave full conversion of Si to SLN , 
because of the shorter nitriding time and/or lower nitriding temperature.
Table 11 Nitriding Schedules and g/ß
Nitriding
Number
Nitriding Schedule a/ß Ratio
4 2 hours at 1150 °C& 5.5 hours at 1350 °C 5/1
5 2 hours at 1150 °C & 9 hours at 1350 °C 4/1
6 2 hours at 1150 °C, 5.5 hours at 1350 °C & 
3 hours at 1420 °C
3/1
5.2 Nitriding with Optimum Cycle
The optimum nitriding cycle of 2 hours at 1150 °C and 5.5 hours at 
1350°C was used in the nitriding of materials with different Si-content in their 
starting compositions in order to study the influence of the amount of Si3N4 
bond on their mechanical strengths. Since there was no change in the type or 
particle size of the starting powders, this nitriding cycle was assumed suitable 
for the nitriding of these materials. Also, the green densities of these 
compacts were similar to that of as received material used for the 
optimisation of the nitriding process. A range of materials were produced 
using the optimum nitriding cycle. Si-content in their starting compositions 
varied from 15% to 40%.
The green density of Si-SiC composition decreased with the increase 
in Si-content. It dropped from 1.9 g/cm3 with 15% Si in the composition to 
1.73 g/cm3 with 40% Si in the composition. The decrease in green density is 
due to the increase in the volume fraction of the lower density component. 
The density of SiC is 3.21 g/cm3 and that of Si is 2.33 g/cm3. Figure 27 shows 
the change in green density with Si content in the composition.
The final densities of the materials showed an increase with the 
increase in the Si3N4 bond. Figure 28 shows the relation between the nitrided 
density and the Si content in the material starting compositions. The increase
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in final density is due to the weight gain associated with the conversion 
increase in Si-content. Very little size change of the compact occurs during 
the reaction of Si with N2 (-0.1%). The reaction product fills the pores in the 
compact leading to the consolidation of the material. A rapid increase in the 
nitrided density was observed with the increase in the Si3N4 bond. The 
increase is more pronounced at the upper part of the curve due to the fact 
that the compacts with higher Si content have lower green densities.
Figure 27: Green density of Si-SiC compositions versus Si-content
The amount of porosity decreased with the increase in Si3N4 bond. 
Table 12 gives the average amount of porosity of four specimens of each of 
these materials. The decrease in porosity with the increase in the Si3N4-bond 
is significant if the difference in green porosity of these materials is 
considered.
Cold MOR increased rapidly with the increases in Si3N4-bond content 
in the material. Table 13 gives the average MOR values of each these 
materials. The increase in MOR is more pronounced with Si content between 
15% and 30% in the starting composition. The increase in MOR corresponds 
to an increase in the density of the resultant materials but there is no clear
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trend to suggest that the increase in MOR is a result of increase in final 
densities.
Figure 28: Density of Si3N4-bonded SiC versus Si-content 
in the starting composition
Table 12: porosity vs Si-content
Material Green density (g/cm3) Final porosity (%)
15% Si/85% SiC 1.90 34
20% Si/80% SiC 1.82 33
25% Si/75% SiC 1.80 33
30% Si/70% SiC 1.78 32
35% Si/65% SiC 1.75 30
40% Si/60% SiC 1.73 29
The increase in MOR is negligible when the Si content in the starting 
composition was raised from 30% to 40%. This increase in Si content was 
associated with increase in the final densities and a decrease in porosity 
(-10%). The bending strength of SNBSC material is function of density and
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other factors such as pore-size distribution. With constant density, the largest 
pore diameter on the tensile surface influences the strength of SNBSC most 
effectively. The strength values of some specimens have shown a wide 
scatter for a constant density. Figure 29 shows the scatter of MOR values 
with respect to the density of each of these materials. The wide scatter of 
MOR values with constant density shows that the increase in strength with 
density can be only taken as a general trend.
Table 13: Cold MOR values vs Si-content
Material Green density
(g/cm3)
Final porosity
(%)
Cold MOR 
(MPa)
15% Si/85% SiC 1.90 34 23.16 (±4)
20% Si/80% SiC 1.82 33 27.47 (±5.13)
25% Si/75% SiC 1.80 33 40.64 (±3.9)
30% Si/70% SiC 1.78 32 42.93 (±8.95)
35% Si/65% SiC 1.75 30 42.37 (±3.88)
40% Si/60% SiC 1.73 29 45.78 (±8.8)
2  2 .1 5  2 .3
Density [g/cm3]
Figure 29: MOR values of SNBSC materials versus their final densities
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6.0 Production of SNBSC Refractory Material with Improved MOR
6.1 Increasing Particle Packing Density
Starting powder significantly influences the final density of the resultant 
SNBSC material and its properties. SNBSC material is produced by reaction 
forming. The reactants are solid Si and N2 gas. For reaction-formed materials, in 
which one of the reactants is gaseous, porosity is inherent. These materials 
generally undergo very little shrinkage during reaction. In reaction forming, gas 
diffuses from the outer surfaces of the compact toward the centre. Slow 
increases in temperature between nitriding holds can result in the reaction 
product filling the pores of the compact internally with no shrinkage of the 
overall compact.98 A continuous pore structure must be maintained for diffusion 
of the reactant gas till the late stages of the reaction in order for complete 
reaction to be achieved. The decreasing number of pores and pore channels 
limits the depth to which the reaction may proceed.56
The green density of the compact, particle size of the reactant Si and the 
thickness of the compact are important factors in determining the extent of 
reaction. As the green density increases the N2 diffusion rate decreases. As a 
result, the reaction proceeds slowly and long reaction times are required for 
completion. Also, compacts with coarse particle size of Si are more difficult to 
nitride than those with fine particle size. Slower gas diffusion and fewer pore 
channels in the coarse grains result in lower weight gain than in the fine grain 
compacts.
The SNBSC material produced using as received Si and SiC powders 
showed a complete reaction of Si in the Si/SiC composition after a short period 
of 5.5 hours. The low green density of this material (1.82 g/cm3) assisted 
diffusion of N2 into the compact leading to a rapid full reaction. Also, the 
resultant material has low final density and high residual porosity as a result of 
its low green density.
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The packing density is directly dependent upon the particle size 
distribution of the starting powders." Porosity can be reduced by introducing 
and distributing smaller particles to the interstices of larger packed particles. 
This approach was used in this study to raise the green density of material. 
Different Si/SiC compositions were used. Si content of these compositions was 
kept constant at 20% with a particle size of either 20 pm or 63 pm. The SiC 
particle size in these compositions was varied from 5 pm to 1000 pm. The 
percentage of each of these particle sizes was also changed with each 
composition. Table 14 gives the average densities of these compositions.
The highest green densities were achieved with the compositions of 60% 
SiC < 1000 pm and 20% SiC < 180 pm with 20% Si < 20 pm and that of 35% 
SiC < 1000 pm, 25% SiC < 180 pm and 20% SiC < 5 pm with 20% Si < 63 pm. 
The improvement in green density in these two compositions is clear when it is 
compared with that of as received material. It increased from 1.82 g/cm3 (-60% 
theoretical density) with as received powders to 2.46 g/cm3 (-81% theoretical 
density) with these two compositions. This increase in green density is expected 
to result in an increase in the final density and strength of resultant SNBSC 
material. The two compositions were used for nitridation and their strengths 
were assessed.
A number of compaction pressures were tried with the composition of 
35% SiC < 1000 pm, 20% SiC < 180 pm and 20% SiC < 5 pm with 20% Si < 63 
pm to test their influence on the green density of this composition. Figure 30 
shows the change in green density of this composition with pressure.
The nitriding cycle optimised previously using as received powder of Si 
and SiC was used to nitride these two materials. The cycle consisted of heating 
the specimens at a rate of 10 °C/minute to 1150 °C and holding for 2 hours 
under a pressure of 50 KPa of argon and then raising the temperature at a rate 
of 1 °C/minute to 1350 °C under a continuous flow of forming gas of 0.5 l/minute 
and holding at 1350 °C for 5.5 hours.
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Table 14: Green densities of different Si/SiC compositions
Composition (wt %) Density (g/cm3)
SiC Si
80% < 1000 pm 20% < 63 pm 2.1
60% < 1000 nm 
20% < 150 jim 20% < 63 pm 2.36
60% < 1000 pm 
20% < 180 pm 20% < 20 pm 2.46
60% < 150 
20% < 5 nm 20% < 63 pm 2.27
35% < 1000 pm 
30% < 180 pm 
15% < 5  pm
20% < 20 pm 2.42
60% < 1000 pm 
20% < 5 pm 20% < 63 pm 2.33
35% < 1000 pm 
25% < 180 pm 
20% < 5 pm
20% < 63 pm 2.46
35% < 1000 pm 
45% < 180 pm 20% < 63 pm 2.25
35% < 1000 pm 
30% < 180 pm 
15% < 5  pm
20% < 63 pm 2.28
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Figure 30: Change in green density with pressure
The two materials, when nitrided using this cycle, showed 10% difference 
in nitriding extent, 15% difference in density and 25% difference in strength. 
Table 15 gives the average values of weight gain, %nitridation and MOR of 
each of these materials.
Table 15: Average values of weight gain, nitridation and strength of high density
materials
Material Average weight Gain % Nitridation MOR (MPa)
60% SiC < 1000 j i m  
20% SiC < 180 J im  
20% Si < 20 J im
55.57 (±1) 83.4 38.54
(±5.80)
35% SiC < 1000 pm
25% SiC < 180 pm
20% SiC < 5 pm 
20% Si < 63 pm
50.80 (+1.50) 76 30.76 (±5)
The two materials showed lower weight gain than as received material 
but higher strength values. A higher nitriding temperature and/or longer nitriding
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time were used in an attempt to achieve full conversion of Si to Si3N4 bond. The 
first approach was to extend the nitridation time and maintain the nitriding 
temperature at 1350 °C in order to avoid the melting of Si and changing a/(3 ratio 
of Si3N4 bond. The nitriding time was increased to 10 hours at 1350 °C without 
changing the other parameters. Table 16 gives the average values of weight 
gain, %nitridation and strength of these materials when they were nitrided using 
this cycle.
The Si particle size in the second material was coarser and its nitridation 
was lower than that in the first material (Si < 20 mm). Higher weight gain and 
MOR values were observed with the first material. More work was carried out on 
this material, which showed higher final density and MOR values than as 
received material, aiming at improving its properties.
Table 16: Average values of weight gain, nitridation and strength of high density
materials.
Material Average weight Gain % Nitridation MOR (MPa)
60% SiC < 1000 pm 
20% SiC < 180 pm 
20% Si < 20 pm
63 (±1.2) 94.6 44.20 (±3.97)
35% SiC < 1000 pm
25% SiC < 180 pm
20% SiC < 5 pm 
20% Si < 63 pm
54.5 (±1.80) 81 31.83 (±6)
6.2 Nitridation of High Density SNBSC Material
The starting composition of 60% SiC with a particle size <1000 pm, 20% 
SiC with a particle size <180 pm and 20% Si with a particle size <20 pm has 
shown a weight gain value comparable to the material of 80% as received SiC 
and 20% as received Si, a/(3 ratio of Si3N4 of 4/1 and great improvements in final 
density and MOR values when it was nitrided for 10 hours at 1350 °C.
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Weight gain was used to investigate the influence of raising the nitriding 
temperature over 1350 °C and/or extending the nitridation time over 10 hours. A  
number of nitridings were carried out using this composition. The results of 
these nitridings, in comparison to the previous nitriding, are presented in Table 
17.
Table 17: Results of nitriding cycles used
Nitriding cycle Average Weight 
gain(%)
% Nitridation MOR (MPa)
2 hours at 1150 °C, 
10 hours at 1350°C 63 (±1.2) 94.6 44.20 (±3.97)
2 hours at 1150 °C, 
15 hours at 1350 °C 61.3 (±1.5) 92 41.50 (±2.8)
2 hours at 1150°C& 
10 hours at 1380 °C 61 (±1.7) 91.6 . 40 (±2.5)
2 hours at 1150 °C& 
20 hours at 1420 °C 59.3 (±2) 89 39.10 (±3.2)
Increasing the nitriding time and/or the nitriding temperature resulted in 
no improvement in the nitridation extent or room temperature strength. The 
resultant materials have all shown comparable MOR values. The differences in 
the weight gain values were within 6%. if the last nitriding is excluded the 
differences in weight gain values are around 3%. These differences in weight 
gain are insignificant. The differences in MOR values of the resultant materials 
of these nitridings are within 10%.
The SNBSC produced using the first nitriding cycle showed the highest 
weight gain and room temperature strength with comparison to the other three 
SNBSC materials produced using the last three nitriding cycles. Therefore, the 
first material was considered as the optimum SNBSC refractory material
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produced in this work. Its optimum nitriding cycle consisted of heating the 
compacts at a rate of 10 °C/minute to 1150 °C and holding for 2 hours under 
argon pressure of 50 KPa and then raising the temperature at a rate of 10 
°C/minute to 1350 °C and holding for 10 hours under flowing conditions of 
forming gas. The nitriding was carried out under a positive pressure of 50 KPa 
of forming gas. All the nitridings carried out in this work were performed under a 
positive pressure 50 KPa of forming gas.
6.3 Summary of the Optimum SNBSC Material
The starting composition of 60% SiC with an a particle size <1000 pm, 
20% SiC with a particle size <180 pm and 20% Si with a particle size <20 pm 
nitrided using the cycle of 2 hours at 1150 °C and 10 hours at 1350 °C produced 
a material with superior properties to that produced using as received 
composition of 20% Si and 80% SiC. Also, this material showed improvements 
in properties over materials produced using the same composition and nitrided 
using different nitriding cycles or that produced using the same nitriding cycle 
and a composition of 35% SiC < 1000 pm, 20% SiC < 180 pm and 20% SiC < 5 
pm with 20% Si < 63 pm which has the same green density value.
6.3.1 Microstructure
Optical microscopy study of the polished surface of nitrided samples 
showed that they were composed of SiC, Si3N4 and pores. No traces of Si were 
detected in the microstructure. Figure 31 shows an optical micrograph of this 
material. The white particles are SiC, the dark areas are Si3N4 and the black 
spots are open pores. The particle size of Si3N4 was too small to be observed in 
the micrograph. X-ray diffraction confirmed the absence of Si in the material’s 
microstructure. Figure 32 shows an x-ray diffractogram of this material. 
Appendix 4 gives the peak files for this diffractogram with its corrected 
interplanar values and integrated intensities.
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Scanning electron microscopy has shown the growth of numerous 
whiskers of Si3N4 at the surface of SiC particles (Figure 33). The whiskers 
formation may be due to the gas phase reaction at low reaction temperature 
(<1350 °C). Si seems to increase vapor pressure and react with nitrogen forming 
such whiskers. These whiskers transformed to very fine Si3N4 crystals at 1350 
°C connecting the larger SiC particles and filling the pores (Figure 34). The 
needle-like Si3N4 crystal formed during the reaction of Si with N2 showed no sign 
of coarsening due to the low nitriding temperature used. Raising the final 
temperature above 1350 °C would result in the coarsening of these crystals. The 
density of these needle like crystals is proportional to the forming gas 
pressure.51 Higher pressures encourage the formation of such morphology.
Figure 31: An optical micrograph of polished surface of optimum SNBSC 
material
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Figure 32: X-ray diffractogram of the optimum SNBSC material (Appendix 
4/ No. 4).
Figure 33: Si3N4 crystals growing between the SiC grains in the form of 
needles or fibres.
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Figure 34: Si3N4 crystals growing on SiC particles.
6.3.2 Properties o f Optimum SNBSC Material
The optimum SNBSC refractory material produced in this work used a 
starting composition of 20% Si with a mean particle size of 20 pm and 80% SiC 
with two different particle sizes; 60% <1000 pm and 20% <180 pm. This 
composition produced green compacts with the highest density among 
compositions tried. Also, it exhibited the greatest average weight gain. The 
comparatively high green density of this material resulted in improvement in the 
final density and reduction in porosity over other compositions when it was 
nitrided using the cycle of 2 hours at 1150 °C and 10 hours at 1350 °C. The 
increase in final density and the reduction in porosity contributed to the increase 
in cold MOR. Table 18 gives the properties of this material.
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Table 18: Properties of SNBSC material
Material
Average 
weight Gain 
(%)
0//o
Nitridatio
n
Final
Density
(g/cm3)
Porosit
y
(%)
MOR
(MPa)
60% SiC < 1000 pm 
20% SiC <180 pm 
20% Si < 20 pm
63.27 (±1.6) 95 2.44
(±0.02)
19 (±3) 42
(±2)
In comparison to the samples prepared from as received material, the 
optimum material has shown an 18% increase in density, 42% decrease in 
porosity and around 53% increase in cold MOR.
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7.0 Discussion
The discussion is divided into two parts. The first part is assigned to the 
optimisation of the nitridation process of SNBSC material while the second part 
deals with the application of microwave heating to the processing of high 
strength SNBSC material. Microwave heating was used for the optimisation 
process and for the production of SNBSC material with a high final density and 
room temperature MOR values. The influence of microwave heating on the 
duration and temperature of nitridation are discussed in the second section.
7.1 Optimisation of the Nitriding Process of SNBSC Material
The nitriding process was optimised for use with a 2.45 GHz microwave 
oven. The microwave nitriding of as received material resulted in significant 
weight gains (~ 80%) with a nitriding temperature of 1350 °C and nitriding times 
as short as 3 hours. Full nitridation of as received material was achieved with a 
high a/p ratio of Si3N4 of 5/1 with a nitriding temperature of 1350 °C and a 
nitriding time of 5.5 hours. Despite its low density and its high porosity (~ 33%), 
the MOR value of as received material (~ 27 MPa), determined using a four- 
point bend test, was much higher than conventionally processed materials (14 
MPa & 15 MPa)24, 25 which had similar densities. The MOR of as received 
SNBSC refractory would be more than twice the value of those conventionally 
processed SNBSC refractories if the same testing fixture (three-point bend test) 
was used.
The green density of samples prepared from as received material was 
low (~ 60% theoretical density). Easy diffusion of N2 into the compact at such 
low density was an important factor in achieving full nitridation of the samples in 
short nitriding time. The nitriding of denser materials at the same nitriding 
temperature (1350 °C) and in such short nitriding time was not possible.
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The physical and mechanical properties of as nitrided SNBSC refractory 
(low density, high porosity and moderate strength) had to be improved for the 
material to be useful in refractory applications. The high content of open 
porosity can result in rapid oxidation at high temperatures. The low density is a 
factor in reducing the strength of the material. To improve the material’s 
strength, the density of the material had to be raised and porosity minimised.
Better packing of the green samples as a result of the mixing of powders 
with different particle sizes was responsible for the rise in the green densities of 
these samples. Si content of these compositions was kept constant at 20% with 
a particle size of either 20 fim or 63 jum. The SiC particle size in these 
compositions was varied from 5 jitm to 1000 |xm. The improvement in green 
density was variable from one composition to another. The highest green 
density was around 35% higher than that of samples made from the as received 
material.
Changing the nitridation time and/or temperature proved to be essential 
whenever the particle size and particle size distribution of the starting powders 
were altered. Full reaction of Si in the compacts with higher green density (35% 
higher than as received green density) and different Si particle size required 
longer nitriding times. Diffusion of N2 into a denser compact was slower. 
Extending the nitriding time from 5.5 hours to 10 hours resulted in a fully reacted 
material with no sign of residual Si in its microstructure and with an a/p ratio of 
5:1.
Extending the nitriding time beyond 10 hours (15 hours) or increasing the 
nitriding temperature above 1350 °C (1380 °C and 1420 °C) still produced fully 
nitrided materials but with less weight gain. The change in weight gain was 
insignificant.
The final density of the optimised SNBSC refractory (2.44 g/cm3) was 
20% higher than that of the material produced by Albano et. al24 and 7% higher 
than that of the material produced by Mukerji et. al25. The porosity in the
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optimum SNBSC refractory was reduced by 36% and 24% over those of the 
materials produced by Albano et. al24 and Mukerji et. al25 respectively. The MOR 
value of the optimum SNBSC refractory was 3 times the MOR value of the 
material produced by Albano et. al24 and 5% higher than the strengths of the 
materials reported by Mukerji et. al44 (Table 2). The values of density, porosity 
and MOR of the optimum SNBSC refractory produced in this work were 
comparable to those of commercial material51. The MOR of the optimum SNBSC 
refractory showed some improvement over the commercial SNBSC refractory 
(5%). The improvement in MOR values are mainly due to better packing of the 
samples and the use of finer powders (< 1000 ¡im).
The relationship between density and cold MOR showed the general 
trend of the increase in MOR with the increase in material density. Raising the 
green density of the material was associated with changes in the particle size 
distribution of SiC powder. Also, the higher density material was nitrided using a 
different nitriding cycle and had lower a/p ratio of Si3N4 (~ 4/1) when it is 
compared with as received material (5/1). It can be generally stated that the 
increase in density led to improved MOR. For materials with the same density, 
MOR showed a wide scatter of value suggesting that other factors may have 
influence on MOR in addition to density. The difference in the quantity of 
macropores and micropores between as received and the higher density 
materials will affect MOR values. The material with higher density must have 
fewer macropores than the as received material (lower density). Materials with 
equal densities which showed variable MOR values may have different content 
of micropores.
It was observed that the increase in Si3N4 content in the material was 
associated with an increase in MOR values. The increase in Si3N4 content 
reduces the amount of porosity and can eliminate a quantity of macropores 
which are replaced by the Si3N4 produced during nitriding. A porosimetry study 
of the pore-size distribution of macropores and micropores of materials with 
equal densities may reveal its influence on MOR and its relation to density. The
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material was densified with the increase in Si3N4 content. MOR increased with 
the increase in Si3N4 content. The increase in MOR with the increase in density 
is not linear suggesting a correlation with the changes in macro- and 
microporosity.
7.2 Microwave Nitridation of SNBSC Material
Microwave energy was used in this work to process SNBSC material. The 
power supply operated on a pulse system which provided power to the 
magnetron for 5 ms in each 20 ms period. The effect of using such power supply 
on the nitriding of SNBSC material was not thought to be significant.
The sensitivity of temperature measurement was not a serious concern in 
this work. A slow heating rate of 1 °C/minute was used between the presintering 
hold and the nitriding hold. Also, long dwell times were used at the nitriding 
hold. The high a/|3 ratio of Si3N4 observed with the nitridings in which the 
nitriding temperature was 1350 °C suggests that the temperature measurement 
was acceptable. Also, no evidence of powder melting in the compacts was 
observed with SEM in these nitridings which indicates that nitriding temperature 
was less than 1400 °C. The melting of commercial silicon powder is expected 
below its melting point of 1420 °C due to its high content of iron which is known 
to form a low melting Fe-Si phase at such temperatures.
The microwave processed samples showed no sign of cracking or 
warping. The small difference in weight gain from one sample to another is 
expected due to differences in the samples temperatures depending on the 
sample position in the nitriding box. The insulation arrangement and the 
thermocouple positioning are responsible for such variation in sample 
temperatures. The thermocouple reading of temperature is related to the 
temperature of the sample in contact with not the whole run samples. The 
samples in the middle are expected to be at higher nitriding temperature the 
samples at the edges. The microwave nitriding of SNBSC material in this work
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produced fully nitrided material with high oc/p ratio of Si3N4 and properties 
comparable or superior to conventionally nitrided material. The MOR value for 
this material is in the upper limit of data reported in literature44 50, 57 and 
commercially produced material.51
The maximum nitriding temperature used in nitriding SNBSC refractory in 
this work (1350 °C) was lower than those temperatures used by Mukerji et. al25 
(1450 °C) and by Albano et. al 24 (1440 °C) in conventionally processing their 
SNBSC materials which had similar green densities to SNBSC material 
produced in this work. Using a short nitriding hold at a temperature above the 
melting point of Si (> 1420 °C) is intended to convert the remaining Si in the 
compacts, that has not converted at lower temperatures, to Si3N4. Such a short 
hold above the melting point of Si can result in a considerable reduction in the 
total nitriding time. At such high temperatures, more p-Si3N4 is formed and a- 
Si3N4 is transformed to p- Si3N4 (in the presence of liquid phase)49. Edwards et. 
al101 reported that only minor fractions of a-Si3N4 were present in their SNBSC 
material which had a final nitriding hold at 1450 °C for 20 hours. The total 
nitriding time used in this study is comparable to the nitriding times used by the 
above authors24,25 despite the lower nitriding temperature used in this study.
The dimensions of the compact to be nitrided is an important factor in 
determining the nitridation time. Thicker compacts require longer times to be 
fully nitrided. Exceeding a certain thickness (1000 mm) was found to result in 
partial nitriding of the compact even when very long times of nitridation were 
used51. The nitriding time and/or temperature of the optimum microwave nitriding 
process of SNBSC material developed in this work must be changed if the 
characteristics of the compact to be nitrided are altered.
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8.0 Conclusions
Microwave processing of SNBSC refractory was shown in this work to be 
possible with the potential of improving the refractory properties. The optimum 
SNBSC material that was microwave processed in this work was fully nitrided 
and had a high cx/p ratio of Si3N4 (5 : 1). Full nitridation process of the SNBSC 
refractory was achieved in relatively short time and at a temperature of 1350 °C. 
The microwave processed SNBSC refractory possessed physical and 
mechanical properties comparable to conventionally processed 
refractories24,25,57 and commercially produced refractory51.
The following conclusions can be drawn from this work.
1) This work demonstrated that silicon can be nitrided using microwave 
energy. The advantage of the internal and volumetric heating of microwave 
energy and good absorption of microwaves by silicon powder facilitated a rapid 
and complete nitridation of silicon in relatively short time.
2) The microwave processing of SNBSC was performed using a 2.45 
GHz microwave system. The process was carried out without major problems. In 
the case of SNBSC refractory, microwave heating of the material occurs through 
power absorption by both, Si and SiC starting powders. No additives are needed 
since both powders are good absorbers of microwave energy.
3) The optimum SNBSC refractory material that was produced in this 
work was a mixture of 20% Si with a mean particle size of 20 pm, 60% SiC with 
particle size less than 1000 pm and 20% SiC with particle size less than 180 
pm. It was microwave nitrided using a nitriding cycle of 2 hours at 1150 °C and 
10 hours at 1350 °C. It has shown to possess physical and mechanical
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properties comparable or superior to conventionally processed SNBSC 
materials and commercial materials.
4) The optimisation of the microwave nitriding process was found to be 
dependent on the starting powder characteristics. Powders with different particle 
size, particle size distribution or green density required different nitriding cycles 
to be fully reacted. Powders with different characteristics produced materials 
with different physical and mechanical properties when they were nitrided using 
identical nitriding cycles.
5) The green density of the material was successfully increased using 
mixing of different particle sized powders. The increase in green density was 
always associated with an increase in final density and a decrease in porosity. 
The effect of increasing density on MOR was not clearly evident but generally it 
can be stated that the increase in density was accompanied by an increase in 
MOR.
6) The increase in the percentage of Si3N4-bond phase in the material 
resulted in higher density, less porosity and greater MOR value. The increase in 
Si3N4 bond is likely to be associated with a change in the pore-size distribution 
because more reaction product is available to fill the pore and the compact 
undergoes very little dimensional change.
7) The assessment of the following features is needed to further optimise 
the microwave processing of SNBSC refractory and improve the refractory’s 
properties.
a) Further reduction in porosity of the material may further improve the 
material’s MOR value and oxidation resistance. The scaling up to larger 
samples may be used to investigate the existence of a thermal gradient in the 
nitriding compact and the influence of such a gradient on the nitridation of 
denser compacts.
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b) A porosimetry study of the nitrided samples is required to assess the 
influence of pore-size distribution on MOR. Such a study may help to clarify the 
relation between the density of SNBSC and its MOR value.
c) The assessment of the properties of the optimum SNBSC refractory 
that was produced in this work such as, hot MOR, thermal conductivity, thermal 
expansion coefficient, oxidation resistance, alkali corrosion and thermal shock 
resistance is required in order to study the influence of microwaves on the 
material properties.
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Appendix 1
Electromagnetic and Microwave equations
1) 8r = £  +
®e.
2)
3) tan § =
4) P = 27cf£08,tan6|Ej
5)
Pd = 3 h
8.686 TCtan8
' e  \ l / 2
1
Appendix 1
8  -relative dielectric loss factor
r
£ "  -dielectric loss factor
0  -Stephen Boltzman constant
£« -permittivity of free space
t
£  -relative dielectric constant
r
tanS -loss tangent
P -power
f  -frequency
Pd -penetration depth
A,o -incident wavelength
ii
ii
Appendix 2
Chemical Analyses of Starting Powders
Type: Silicon Carbide (SiC)
Name: RC-33
Nominal Size: -14 - +48 mesh
SiC 97%
S i0 2 2%
Total Fe 0.3%
AI2O3 <0.5%
T i02 <0.15%
CaO < 0.6%
MgO <0.1%
Na20 <0.1%
k 2o <0.08%
Fixed C 0.25%
Type: Silicon (Si)
Name: Crusher Plant DC Fines
Size: DCF
Si 96
Fe 0.58
A1 0.55
Ca <0.3
Ti <0.1
C < 0.6
0 2(by difference) 2.0
Moisture 0.5
in
Appendix 3
Particle Size Analyses
As Received Silicon Powder
[R ead y-P ress  F I for Help instrument R ead y
i\
Milled Silicon Powder
[R e a d y -P re s s  F I for H e lp
Result Analysis Table
Sun Ho: Measured: 8/23(96  4:24IM
l i l e  (Resale JTor Sared) Analysed: 8 /23 /96  4 -5 2  M
Rath: CŒ D5SUJATA5 Source: Analysed
Range 300RZ mm Seam: 2 .40  mm Sampler: Hone Ob s‘: 13.2 X
Presentation: 3 0  HD Analysis: lolydispersc Residuar 0.760 3:
Modifications: Hone
Cone ~ 0.0053 SVol Density = 1000 g/eni'S S.Í A_= 8 .6363 m-2/g
Distribution: Volume D [4 .3] = 3.83 urn D (3.21 a 0.69  um
Dfv.0.11 = 0 5 3  um D(v. 0.5) = 2.35 urn D(v, 0.9) = 8.11 um
Span e 2.77 IZ »00 Uniformity = 9.719Z-01
Sise Volume Sise Volume See Volimi Sise Volume
(um) Onderà fum) Under): (urn) Onderà fumi Under*
0.05 0.00 0.67 26.04 9.00 92.37 120.67 100.00
0.06 0.10 0.78 2 6 j60 104.8 95.04 14058 100.00
0.07 0.31 0.91 27.33 1251 96.82 163.77 10050
0.08 0.66 1.0$ 28.31 1452 97.88 190.80 100.00
0.09 1.15 124 29.71 1657 98.46 2 2 2 5 8 100.00
0.1t 184 144 3173 19.31 98.76 258.95 100.00
0.13 2.77 168 34.47 22.49 98.95 30168 100.00
0.15 4.01 195 37.98 2 6 5 0 99.13 35146 100.00
0.17 5.64 2.23 42.32 30.53 99.33 409.45 100.00
0.20 7.73 2.65 47.41 3556 99.56 477.01 100.00
0.23 10.33 3.09 53.11 41.43 99.77 555.71 100.00
OJ27 13.36 3.60 59.22 48.2? 99.92 647.41 100.00
0.31 1655 4.19 65.63 56.23 100.00 75453 » 0 .0 0
0.38 19.43 4.88 72.22 6551 100.00 878.67 « 0 .0 0
0 .(2 21.91 5.69 78.45 76.32 100.00
0.49 23.81 6.63 84.02 88.91 100.00
0.58 25.17 7.72 88.70 103.58 100.00
♦ . I  J I * .
¡Instrument R e a d y
As Received Silicon Powder
ID: silicon
File AHM ED
Path; C:\StZERS\DATA'.
Ran No: 3 
Rsc.No: 1
Measured; J<3 ?s 
Analysed: 5.'3-?d 1
14ÓP.M
l.teFM
Source: Analysed
Range 300RF mm 
Pies citation: 30HD 
Modifications: None
Beim: 2.40 mm Sampler None
Analysis: Polytfispeise
Obs1: 19.8 • 
Residual: 0.193*
C o n e -  0.0142%Voi 
Distribution: Volume 
D(v, 0 .11- 0.49 urn 
Sum -  3.222E-00
D ens ity - 1.000 g'cn'^3 
D (4.3J”  23.24 urn 
D (v .O .J )- 13.75 urn 
Unifonnity — 1304E-00
S.S.A.- 3.83ÍÓ n r ' i ’g 
D {3,2] — 1.5Ô urn 
D(y, 0.9) «  44.81 urn
Size
(um)
0.05
0.06
0.07
O.OS
0.09
0.11
0.13
0.15
0.17
0.20
0.23
.0.27
031
0.3Ó
0.42
0.49
0.5S
Volume 
In %
0.05 
0.10 
0.16 
0.24 
0.33 
0.4S 
O.oO 
0.76 
0*2 
1.0S 
1.19 
1.21 
1.13 
0*S 
0.S1 
0 o3
Size
(urn)
0.5S
0.67
0.78
0.91
1.06
1.24
1.44
1.65 
1.95 
2.28
2.65 
3.09 
3.oO 
4.19 
4.88 
569 
6 63
Volumetn%
0.47
038
0.41
0.47
0.56
0.68
0.81
0.94
1.10
133
1.50
1.74
2.03
2.33
2.65
2.98
Size
(um)
6.63 
. 7.72 
' 9.00 
10.48 
12.21
14.22 
16.57 
1931
■22.49
26.20
30.53
35.56
41.43
48.27
56.23 
65 51 
76.32
VolumeIn%
3.31
3.66
4.02
4.3S
4.75
5.0°
538
5.61
5.80
5.59
5.12
4.41
3.54
259
1.69
0.94
Size
(um)
76.32
88.91
103.58
120.67 
14058 
163.77 
190.S0 
222.28 
258.95
301.68 
351.46 
409 45 
477.01 
555.71 
647.41 
754 23 
878 67
Volume
In? '.
0.42 
0 15 
0.07 
0.14 
0.27 
0.39 
0.45 
0.45 
0.38 
057 
0.15 
0.04 
0.00 
0.00 
0.00 
0.00
30I
II
Volume*'.
— ICO
-9 0
i
_so
201. ............... .........
I
-7 0  
—oO
J_ — ¡0 
-40
±
0, . .
001
Panicle Huincha1 l|im  I
—’ 0
_50
V
M illed Silicon C arbide Pow der
ID: SiC-Milled^O 
File (Result Not Saved) 
Path:C.\SIZERSLDATA\
Run No: 2 Measured: 9'1/96 1124AM 
Analysed: 9H/96 1I:24AM 
Sourer Analysed
Rang« 300RF mm 
Presentation: 30HD 
Modifications: None
Beam: 2.40 nun Sampler. None 
Analysis: Polydisperse
Obs': 26.1 % 
Residual' 0.692 %
Cone.- 0.0107%Voi 
Distnbtffion: Volume 
D(v, 0.1) -  0.12 urn 
Span “  1520E+00
D ensity- 1.000 g /arr‘ 3 
D [4 .3 ]-..6 .89um  
D fv .0 .5 )- 5.42um 
Unifonnily —9.692E4J I
S .SJL- 6.4985 irr '2 'g  
D 13.2J- 0.92 urn 
D(v, 0 .9 )-  16.10 urn
Size
(urn)
Volume
Under!'»
Size
(um)
Volume
Unda%
Size
(um)
Voi urne 
Under*'«
Size
(um)
Volume _ 
Únder% '
0.05 0.00 0.67 26.58 9.00 63.48 120.67 100.00
0.06 0.01 0.73 27.35 10.48 74.87 140.58 100.00
0.07 0.02 0.91 28.00 1231 80.93 163.77 100.00
0.08 0.05 1.06 28.62 14.22 86.31 190.80 100.00
0.09 0.12 1.24 2031 16.57 90.76 22228 100.00
0.11 0.24 1.44 30.17 1931 94.19 258.95 100.00
0.13 0.50 1.68 31.24 22.49 96.64 301.68 100.00
0.15 0.99 1.95 32.52 26.20 98.27 i 351.46 100.00
0.17 1.88 228 34 04 30,53 99.27 i 409.45 100.00
0.20 339 2.65 35.83 35.56 99.85 477.01 100.00
0.23 5.75 3.09 37.95 41.43 100.00 ; 555.71 100.00
0.27 9.06 3.60 40.45 48.27 100.00 647.41 100.00
0.31 13.03 4.19 43.48 56.23 100.00 ; 754,23 100.00
0.36 16.98 4.88 47.12 6531 100.00 i 873.67 100.00
0.42 20.40 5.69 51.46 ! 7632 100 00
0.49 23.18 6.63 56.49 1 88.91 100.00
0.58 25.26 7.72 6218 ! 103-58 100.00
10 Volume *'»
T
0 _
0.01
/
0.1 1.0 100
Pamde Diameter (fim.ï
100.0
_S0
- 7 0
!
_60
JiO
_ 4 C
J3C
-2 0
JlO
I
_____01000 0
VI
Milled Silicon Carbide Powder
ID: silicon carbide RamNo: .4 Measured: 5/3'96 1229PM .
Fue: AHMED Ree.No: 2 . Analysed: 5/3/96 1229PM
Path: CVSEERSlDATAt . . . . ' v%. ; : ' Source Analysed
Range300RJFmm Beam: 2.40mm ; Sampler None O br. 212%
Presentation; 30HD Analysis'. Polycbspeese Resultai: 0.273%
Modifications: None
C o n e .- 0.0263%Vol D ensity- 1.000gr'œ r'3 S .S A .- 20812nr'2 /g
Distribution: Volume D [4 ,3 )~  3321 urn : : 0 ( 3 ,2 ) -  288 urn
D (v,0.1)» 3.95 urn DCv, 02) -  24.77 urn D(v. 0.9) -  69.81 um
Span -  2638E-00_________________ Umfogrutv -  8278E-01 ' "
Size Volume
(urn)
0.03
0.06
0.07
0.08
0.09
0.11
0.13
0.13
0.17
0.20
0.23
027 
021 
0.36 
0.42 
0.49
028
ln%
0.01
0.02
0.03
006
0.10
0.16
0.23
027
022
0.69
0.83
0.93
0.91
080
0.67022
Size
(um l
028
0.67
0.73
0.91
1.06
1.24
1.44
1.68
1.95
228
2.65
309
3.60
4.19
488
5.69
6.63
Volume 
In %
026
023
0.18
0.14
0.12
0.11
0.12
0.14
0.18
023
0.36
0.52
0.74
1.02
126
1.75
Size
(uml
VolumeIn%
6.63
7.72
9.00
10.48
1221
1422
16.57
1921
.2249
2620
3023
35.56
41.43
4827
5623
65.51
7622
218
2.65
3.15
3.67
421
476
5.29
5.77
626
6.44
6.60
6.69
6.24
522
429
3.57
Size Volume
' (uml 
: 7622
• 8321
I 103.38 
: 120.67
14028 
I 163.77 
j 190.80 
I 22223 
i 258.95 
! 301.68
! 351.46
i 409.45 
; 477.01
I 555.71 
! 647.41
i 754.23 
878.67
In%
260
1.77
125
0.72
0.48
026
0.30
026
021
023
0.06
0.00
0.00
0.00
0.00
0.00
vii
Milled Silicon Carbide Powder
o f t ’
Result: Analysis Table
10 ........ Volume.̂  . 100 XunJfo: 1 Measured* 8/23196 5:361M
• ; / ' Tile: (Scsoft Jfot Saved) A»»ly«3: 8/23796 5:36ÎM
?»h:C:\aZZRS,J}ATA\ Source: Analysed
• /• . 90
■ : / :  : Jlangc: 300X7 mm Beam: 2.40 mm SampicriJfonc O bi': 15.1 X
: : I : : eo îr««ntwioA: 30HD Analysis: ioiydtspcrsc Residuai: 0.701 *1 Modifications: If o rtc
: / : ; Cone = 0.0233 SVol Density = 1000 g/cm̂C S.S.A.- 12901 i»*2ig
• J ' ’ 70 Distribution: Volarne Dt*, 3] = 38,84 «nt D[3.21 = 3.77 umA  ■ D(v.0.1) s 622 urn B(v. 0-5) = 29.13 urn Dfv, 0.9) = 80.9t um
: • / : ; 60 Spun = 22642.00 Oniformrty = 3.4732-01. / : ; See Volum« Sise Volume Sice Volume Sice Volume
M  : futo! Onderà (vm) Onderà fumi Under* fumi Onderào.os 0.00 0.67 4.99 9.00 15.03 120.67 96.40
50 0.06 0.01 0.78 5.10 10.48 n.9i 14023 97.60
: ' ;  : 0.07 0.04 0.91 5.18 1221 2127 163.77 98.41
0.08 0.08 1.06 523 1422 25.13 190.Î0 99.01
40 0.09 0.15 124 5.28 1627 2921 22223 99.48
■ : /  / : 1 : 0.11 024 144 5.34 19.31 34.40 258.95 99.82■ ; 1 : 0.13 0.38 163 5.41 22.49 39.31 301.63 99.99
30 0.15 0.53 195 5.50 2620 45.69 351.46 100.00
- I t  [  : 0.17 0.36 2.23 5.62 3023 51.36 409.45 100.00
: : < ' 0.20 123 265 5.31 3526 5322 477.01 100.00
• r' i ; 0.23 172 3.09 6.09 41.43 6526 555.71 100.00
: < !  1 : 0.27 2.31 3.60 6.51 43.27 72.03 647.41 100.00
■ 1 t  i 0.31 2.95 4.19 7.12 56.23 78.41 75423 100.00
■ I f 0.36 3.56 4.83 7.97 6521 83.96 873.67 100.000 0.42 4.07 5.69 9.14 76.32 83.53
j e  ■ ■ \ 0.49 4.49 6.63 10.68 88.91 92.06
■ s  >.— :------/  ■ \  . 0.53 4.79 7.72 12.63 103.58 94 63
0
ff
y , - '  y  ' ..- \  • 
o i.......... r0 .r.........rio"......... to.o ‘ 1 " ‘foo.o ' • • ‘icrdo.o
0 1
Article Diameter ffim.1 ■iLi. I t i
jR e a d y -P re s s  FI for Help instrument R ead y
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Appendix 4
X-ray Data for SNBSC Refractory Materials
1: SNBSC Material No.4
d o b se rv e d d ca lcu a lted 1 observed h k l
4.296 4.310 1 2 OC-SÌ3N4 (10  1 )
3.864 3.877 6 OC-SÌ3N4 ( 1 1 0 )
3.348 3.359 5 (X-SÌ3N4 (2 0 0)
3.285 3.293 3 ß-Si3N4 (2 0 0)
2.875 2.883 15 a-Si3N4 (2 0 1)
2.665 2.660 14 ß-Si3N4 (10  1 )
2.621 2.621 18 SiC (1 0 1)
2.586 2.580 15 SiC (l 0 4)
2.536 2.538 18 OC-SÌ3N4 ( 2  1 0 )
2.513 2.511 100 SiC (0 1 5)
2.483 2.489 6 ß-Si3N4 (2 1 0)
2.354 2.352 29 SiC (1 0 1)
2.326 2.320 5 SiC (0 1 8)
2.309 2.310 8 ß-Si3N4 (1 1 1)
2.177 2.174 13 SiC (1 0 4)
2.151 2.155 5 OC-SÌ3N4 ( 2  0 2 )
2.075 2.079 6 (X-SÌ3N4 (3 0 1)
1.998 2.01 5 SiC (1 0 17)
1.594 1.595 4 SiC (1 0 19)
1.540 1.540 40 SiC (0 1 20)
1.484 1.485 5 CX-SÌ3N4 (3 2 1)
1.435 1.436 4 (X-SÌ3N4 (3 0 3)
1.421 1.418 55 SiC (1 0 9)
1.415 1.410 5 SiC (1 1 36)
1.349 1.3408 5 ß-Si3N4 (3 2 1)
XI
d o b s e r v e d d c a lc u a lte d 1observed hkl
1.320 1.320 53 SiC (0 2 4)
1.314 1.312 97 SiC (1 1 15)
1.291 1.297 23 SiC (0 2 7)
XU
2: SNBSC Material No.5
d o b se rve d d c a lc u a lte d ^observed h k l
4.295 4 .3 10 6 a - S i3N 4 ( 1 0  1)
3.864 3.877 3 a - S i3N 4 ( 1 1 0 )
3 .3 47 3.359 3 a - S i3N 4 (2 0 0)
3.285 3.293 3 P-Si3N4 (2 0 0)
2.873 2.883 7 a - S i3N 4 (2 0 1)
2 .661 2.660 5 P-Si3N4 (l 0 1)
2.620 2.621 25 SIC  ( 1 0  1)
2.588 2.580 8 S iC  ( 1 0  4)
2 .57 2 2.570 8 S iC  (1 0 13)
2.536 2.538 10 a - S i3N 4 (2 1 0)
2 .5 15 2 .5 11 100 S iC  ( 1 0  2)
2.509 2 .5 11 30 S iC  (0 1 5)
2.481 2.486 5 P-Si3N4 (10  1)
2.354 2.352 21 S iC  ( 1 0  1)
2.302 2.310 4 P-Si3N4 ( 111)
2 .1 7 6 2 .17 4 4 S iC  ( 1 0  4)
2 .14 8 1.15 5 3 cx~Si3N 4 (2 0 2)
2.076 2.079 3 a - S i3N 4 (3 0 1)
1.832 1.8275 3 p-Si3N4 (3 1 0)
1.682 1.681 3' Si2N20  (5 1 0)
1.669 1.660 39 S iC  (1 0 25)
1.667 1.6 77 4 S i2N 20 ( 2  2 2)
1.603 1.60 3 S iC  (1 0 67)
1.540 1.54 26 S iC  (0 1 20)
1.533 1.537 5 S iC  (1 10)
1.42 1 .4 17 7 22 a - S i3N 4 (4 1 1 )
xm
d o b s e r v e d d c a lc u a lte d 1 observed h k l
1.313 1.312 14 SiC (1 1 15)
1.288 1.288 11 SiC (4 1 1)
1.045 1.042 3 SiC (2 0 9)
XIV
3; SNBSC Material No.6
^observed dcalcualted ^observed H kl
4.292 4.310 4 {X-SÌ3N 4 (1 0 1)
3.864 3.877 3 (X-SÌ3N 4 ( 1 1 0 )
3.348 3.359 3 a-S % N 4 ( 2  0  0 )
2.870 2.883 7 0 SÌ3N4 (2 0 1 )
2.620 2.621 19 S iC  (1 0 1)
2.569 2.580 32 SiC (1 0  4)
2.542 2.538 14 a - S i3N 4 ( 2  1 0 )
2.506 2 .5 11 34 S iC  (0 1 5)
2.486 2.486 9 S iC  (0 1 5)
2.350 2.352 53 S iC  (1 0 1)
2.304 2.310 4 ß-Si3N4 (111)
2 .178 2 .17 4 12 S iC  (1 0 4)
2 .16 7 2 .155 10 CX-SÌ3N 4 (2 0 2)
2.074 2.079 4 a - S i3N 4 (3 0 1)
1 .6 7 7 1.677 6 S i2N 20  (2 2 2)
1.667 1.660 8 S iC  (1 0 25)
1.607 1.60 5 S iC  (1 0 67)
1.539 1.54 1 0 0 S iC  (0 1 20)
1.534 1.537 16 S iC  (1 1 0)
1.482 1.4788 3 SÍ2N 2O  (2 2 2)
1.420 1 .4 17 7 12 (X-SÌ3N 4 (4 1 1 )
1 .4 17 1.418 10 S iC  (1 0 9)
1 .3 12 1.3 12 6 6 S iC  (1  1 15)
1 .13 4 1.13 7 5 ß-Si3N4 (5 0 0)
1.087 1.089 4 S iC  (2 0 20)
1.044 1.042 5 S iC  (2 0 9)
XV
4: Optimum SNBSC Material
d o b s e r v e d d c a lc u a lte d 1 observed h k l
4.287 4.310 9 (X-SÌ3N4 (10  1)
3.860 3.877 6 CC-SÌ3N4 ( 110)
3.348 3.359 4 OC-SÌ3N4 (2 0 0)
2.873 2.883 1 2 P-SÌ3N4 ( 2  0 0)
2.665 2.660 6 p-Si3N4(l 0 1)
2.621 2.621 18 SiC (1 0 1)
2.593 2.593 16 CX-SÌ3N4 (10  2)
2.579 2.580 1 0 SiC (1 0 4)
2.531 2.538 16 OC-SÌ3N4 (2 1 0)
2.501 2.510 74 SiC (0 1 5)
2.486 2.489 6 P-SÌ3N4 ( 2  1 0)
2.353 2.352 1 0 0 SiC (1 0 3)
2.34 2.340 6 SiC (0 1 26)
2.309 2.313 7 OC-SÌ3N4 ( 2  1 1 )
2.175 2.174 8 SiC (1 0 4)
2.165 2.170 55 SiC (0 1 14)
2.074 2.079 6 CX-SÌ3N4 (3 0 1)
1.828 1.8275 28 P-SÌ3N4 (3 1 0 )
1.676 1.677 16 Si2N20  (2 2  2 )
1.591 1.595 4 SiC (1 0 19)
1.546 1.550 6 SiC (1 0 67)
1.539 1.539 27 (X-SÌ3N4 (3 2 0)
1.483 1.485 3 OC-SÌ3N4 (3 2  1 )
1.436 1.436 4 (X-SÌ3N4 (3 0 3)
1.419 1.418 2 2 SiC (10  9)
1.345 1.3408 4 P-SÌ3N4 (3 2  1 )
XVI
d o b se rv e d d c a lc u a lte d 1 observed h k l
1.319 1.320 3 SiC (0 2 4)
1.312 1.312 73 SiC (1 1 15)
1.293 1.297 5 SiC (0 2 7)
1.289 1.2883 4 SiC (4 1 1)
1.133 1.137 5 ß-Si3N4 (3 12)
1.044 1.042 9 SiC (2 0 9)
XVll
